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PREFACE 


Physics by Haliday and ' Resnick “fnis been in use for numerous 
undergraduate and engineering courses all over the world for over a 
quarter of a century. The book is so ambitious that for want o! 
space a sizable amount of material, which, in the traditional 
approach, is normally worked out in the text, appears at the end o! 
each chapter as questions and problems and it is expected that thr 
teachers and students .would work them out as supplemental 
material for the text. Of the numerous merits which the textbook 
enjoys, probably the selection of problems is the most outstanding 
The problems have been selected with the purpose of illustrating 
the underlying physical principles and have a variety which range; 
from the “plugin” type to the sophisticated bordering od “brain 
teasers.” 

Furthermore, the textbook is a rich source of problems and i: 
ideally suited for setting examination papers at various levels 
Students must, therefore, get acquainted .with the techniques fo, 
lire problems. To this end these solutions to all the prob 
terns, (about 1450 in number) from the Physics, of Resnick utu 
Halliday and Halliday and Resnick, Parts I and II, respectively 
have been prepared. While detailed solutions have been provider 
for most of the problems, for a few alternative solutions have al^ 
been given. 

An attempt has beep made to retain the terminology of the tex 

)k as the solutions are likely to be used by readers who ar. 
\dy in its possession. {Solutions are given in the same units a; 
in the -pfbbfems. As the textbook does demand a prerequisite 
e in calculus, problems have been^ freely using calculu; 
A-aOds. A few problems have warranted the use of non-calcului 
and the alternative solutions have been given. Solutions to additio 
nal supplementary problems given at the end of Part II have beei 
presented at end of the corresponding chapters. 

We ho^e that the Solutions will meet the requirements of both 

the teacher and the students. . . T . 

Ahmbd Anwar Kamai 

ofjboth 

/ar Kama 
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26 CHARGE AND MATTER 


26.1. Number of protons/meter 2 -sec falling over earth’s surface, 

m= 0.15 x 1 0 4 = 1 500 

Number of protons/sec received by the entire earth’s surface 
N=4nR i n 

Where R is earth’s radius. 

N—(4n) (6.4 x 10® meter) 2 (1500) per sec 
=7.717 X10 17 per sec 

Since each proton carries charge g=1.6xl0 -1# coulomb, total 
current received by earth 

/=j\fy=(7.717x)0 17 ) (1.6X 10“ w ) amp 
=0.123 amp. 


26.2. The mangitude of the force on each charge is 


_<h<h 

4rce 0 r 2 


^(3X10^ coulKJ.Sx lO^coul) (9x to^nt-mVcoul 2 ) 
(0.12 meter) 2 


=2.8 nt 


The force is attractive. 

26.3. Consider one of the balls which is 
in equilibrium under the joint action of 
three forces, the weight of the ball mg, 
the coulomb’s repulsive force F, and the 
tension in the string T. (Fig. 26.3) 


Balancing the vertical component of ^ 
forces p 

rcost!=mg --(l) 

Balancing the horizontal component 
of forces 


T sin 


Dividing (2) by (1) 



tanj i—F/mg 


FI *264 


...( 2 ) 
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f—mg tan be* mg sine 

Uvv\6 - (? 

Cm mx 


f) V" \. ^ 


Rut 


or 


x 8 ~ 


<r mx 

4n eo x» ~ 21 

q'l 


2~eomg 


whence 

*-(; 

That is. 

li 

H- 


<£l \*'» 

2ne 0 mg ) 


f 2rceo* 

V ~ i 


2rce 0 mgx* 


V (2*)(8.9x i6" u coui 2 /n t-m 3 )(0.01 kgK^Sm /s*KO . 0 5m)* 

1.2 meter 

-- ± 2.39 x 10“ 8 coulomb. 


264 . 


x f & )'" 

V 2^e 0 mg ) 


. dx dx da 

Initial relative speed. v= ^ ~ ^ • — - 

2 / / Y'» dq 

3 q 11 * V 2 ntyng ) dt 

2 / lq' y/» ^<7 = 2x d? 

3? V 2rte#mg > dt ~3q ' dt 

2 ( 50 mm) ( 1 .0 X 1 O'* coul/sec) 

; 3 ~ (2.4 x 10~* couiV 


= 1.4 mm/sec. 


26.5 The repulsive force Fba on A due to charge B acts in the 
dilection BA and is represented by AD. Similarly, thfe repulsive 
f uec Fca on A due to charge C acts in the direction CA and is 
!■ .picsvnud -by A £. Resolve the forces Fa^ and Pc* along two 
mutually perpendicular directions BC and ML. It is seen that along 
hC the components of F*m and Fc.< being equal in magnitude but 
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Z 



opposite in direction get cancelled out On the other hand, the 
components along MJ. get added up. Thus the net force on A is 
given by 

F—Fba cos 30 0 +/ r C/< cos 30® ...(1) 

q 2 

but Fba ~ Fca — -4^-*-?- -(2) 

where jr~0. 1 meter. 

Consider the ball A which is in equilibrium under the joint action 
of three forces, repulsive force /•' due to D and C, tension of the 
thread Tand the weight of the ball mg. These three forces are in 
the same plane. 

Balancing the vertical components 

T cos 6 — mg .. ( 3 ) 

where 0 is the angle made by the thread with the vertical. 

Balancing the horizontal components 


T sin 


-W 
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Divide (4) by (3) 


tan B—Fjmg 
F=mg tan 0 


From the geometry of the figure we find OA— jj— meter. 

sin 6= (0.1/V3)/l.0= •••(* 

Since 0 is small, 

tan 0=*sin 0 •••(' 

Combining (1), (2), (5) (6) and (7) 

F=mg tan 6=mg sin 0=2 Fba cos 30°= V3 Fba 

~ 4nz 0 X* 

4n ee x 2 mg sin 0 (0.1 me ter) 2 (0.01 kg) (9.8 m/s 2 ) _0-l 

or 9 ~ \/3 ~ (9x 10® nt-m 2 /coul 2 ) 4 3 

= 36.3x 10" 1# coul 2 
#=6X10~ 8 coul. 

26.6. Choose the origin at the charge 1 2 a 

in the lower left corner of the square. The — — 1 < 

force Fit dye to charge 2 on 1 has com- 
ponents 1 

F.(12)=0 

W2)=F„ ° / 

K __ <q)( 2q) s' 

4*e 0 a 2 , Vi * <. 

= _ £_ 0 

2iSe 0 a 2 

The force Fx, due to charge 3 on 1 has * 
components Fig. 26.6 

F. (13) = F„ cos 45°— ^- 45; = J ? 

11 4ne, (V2 a)* 41 * 6,^2 0 * 

Fy (13) = F lt sin 45° 

_ ( q ) (2q) sin 45° _ q* 

4nc # (/2 a) 1 4ne, V 2 a* 

The force F u due to charge 4 on 1 has components 

F.(14)=F U -5!__ 

4jrs»a* nt f <j* 

F, (14)— Q 
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Net x-component of force is given by 

F.=F, <12 >+F. (13)+F, (14) -0+ 4 - ,5 T - , + 

„ ff a (1+4 /2) 

4ne tf /2 a 2 

_ (1.0xl0~ 7 coul)* (9x10* nt-mVcoul 1 ) (1+4/2) 
/ 2 (0.05 meter) 2 

=0.17 nt 

Net y-component of force is given by 
F, = F,(12)+F > (13)+F > (14) 

£ , £ +0 

2 7te 0 a a 4Tte,,/2a 2 

_____ £ 2 (_2V2-0 
4rce 0 /2 a 2 

^ _ ( 1 .0 x 10' 7 coul)*(9 x 1 0* nt-m/coul*)(2/ 2 — 1) 
/ 2 (0.05 meter)* 

= —0.046 nt 


26.7. (a) The force due to Q 2 on Q x 
is repulsive and will be directed 
along the diagonal QzQ x of the 
square of side a. 

Q 2 

Fa0 ^ 4ne e (/2 a) 2 


“ a 2 

The forces due to — q x and — qz on 
Q x are attractive and are directed 
along the sides of the square as 
shown in Fig 26.7. Resolve the 
forces due to the changes —q x and Fig 26 7 

— q% along the diagonal Q x Qi and perpendicular to it. Along the 
perpendicular direction the components get cancelled. On the other 
hand along the diagonal QQ the components get added up. 

Due to two charges of magnitude q, 

2Fqi cos 45° = - - • 2g ? , 

4*e # /2 a* 

If the resultant electric force on Q is zero, then we must have 
Fqo= 2 Fq« cos 45° 

01 ... 1 09 

8*e. a* 4«e, / 2 a* 
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whence 


Q----2V 2 q 


(b) If the resultant force on q is to be zero, then the condition 
would be 

q = 2V2 Q ...(2) 

Obviously both (1) and (2) cannot be satisfied simultaneously. 
Therefore, no matter how q is chosen the resultant force on every 
charge cannot be zero. 

26.8. Let the protons each of charge q coul, be at distance d apart. 
Then the electrical repulsive force on either one is 


by Problem, 


That is. 




4 ne a d* 




(1.6 X10"“ coul) 


V 9 x 10® nt- nr /coul* 

0.66x10“” kg)i 9 8~7netei/sec ■) 

—0.1 19 meter— 1 1 .9 cm 


26.9. I a) l.et a charge +£) be placed on earth and an equal amount 
on moon. By Problem, electrical repulsive force gravitational 
attractive force. 

_ Q* _ GM m 
4rt e e d* d* 

where M and m are the masses of earth and moon respectively 
and d is the distance of separation. 

C~v / 4ne 0 (i Mm 

I kg 1(7737 xi O^kgl 
V (9 x 10® nt-m*/coul*) 

— 5.74 x lo'ccul. 

(b) No, since the distance d gets cancelled. 

(c) Number of protons N each of charge q required to produce 
the charge Q is 

= 5 .74xIO;Oo^ 36x| q., 
q 1 .6 x 10 l * coul 


Neglecting the mass of electron, mass of hydrogen required 

N 3.6xl0 M 

“tf.~6x 10” 6xlV 8 m 
■=(6xl0* gm)(l.l x 10“* ton/gm) 

■■660 ton 
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26.10. Coulomb force between two parts 17 and Q—q placed at a 
distance d apart is 

p_ q(Qz3) 

4*e # d * 

Holding Q and d as constant differentiate F with respect to q 
to get 

d_F = Q~2q 
dq 4rte„ d* 

For maximum force, set 


Q-2q=0 

That is, q— ■— 


Thus, the charge Q must be divided equally in order to get maxi- 
mum repulsion. We can test whether it is actually a maximum by 

0 1 F ()* F I 

finding the sign of ,^» • We 8 et - “ ~ ^ j* Since the sign 

is negative it is a maximum. 

26.11. Let the charges be q and (5xl0~* -q) coul. 

q x q 2 q(5x 10'*— q)(9x 10* nt-m*/coul*i 
4nz e d* ~~ (2.0 meter)* '* ** 


Simplifying, 

9 X 10* q*~ 45 X 10*9 + 4- 0 

Solution of the quadratic equation yields 

q~ 1 .2 X 10 * coul and 3.8 x 10 * coul. 

26.12. Let the test charge + q be placed at C a distance r on the 
bisector of the line AB joining Q, and Q*. The force Fu x q of Q x on 
q is directed along AC and is represented by CF. Similarly, the 
force FQf, due to Q t on q is directed along BC and is represented by 
CD. Since Q x ~Q t ~Q and the sides AC-= BC, these forces arc equal 
and consequently CD—CF. Complete the parallelogram CDEF 
which is actually a rhombus. The resultant is given by the diagonal 
CE which lies on the bisector of AB 


Fn = Qq Qj[ __ 

4 nt.(AC)' ~ 4ne,(r* + fl») 


Fou ^ to _ . to 

091 Ant.iBC)* 4 itc # (r* -J a*) 
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E 



Fig. 26.12 


Resultant force on q is given by 

F—FQ x q COS 0 + FOn cos 0 = 


Qq cos 0 __ 
2ne„(r 2 +fl J ) 


But 


cos 0= — 

\/r*+a a 

f— Qbl 

2 ne 0 (r 2 +a*)»' 2 / 


7)F 

For F to be maximum, set =0 

dr 

gg[(r 2 +a 8 ) 8/a - 3 r*(r 2 +a*H] 
2ne e (r*-fa 2 ) 8 

whence (r 2 -4-a 2 )*/ 2 — 3r*(/' 2 + a 2 ) x /*=0 
or r*+a* — 3r*=0 


r— 


V 2 


(6) The direction of force is along the bisector of the line joining 
the two original charges and away from the line. 


26.13. (a) Let us first calculate the x-com- 
ponent on charge 1 due to charges 2, 3, 4, 
5, 6, 7 and 8. Choose origin at charge 
1 • 

^2 = 0 

Fx lt —F lt cos 45° 

<?* _ _1 

~ 4wt 0 (V2 a) 1 ' Si 

4* 

8V2tts # a* 



Fig. 2613 
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p p 9 * 

F*u-Fu- 4nCoa , 

F' M=0 

F F\2_ 1 

y 3 - a )i / 3 

__ g 2 
~ 12V3ne„a 2 

where we have used the fact that the direction cosine of the body 
diagonal with x-axis is ^ • 

Fx ia =F 16 cos 45°= ' V 2 

«? a 

2jre„ a 2 

The x-component of net force is then 

F x 4i *e B a* 2 V^2 ^"2 V^2 "^3 V^3 J 

=0.1512 -^- a 
e o a 2 

By symmetry and ^also have the same magnitude. 

F= V Fz*+~F/+F'*= V 3 F. 

=(1.732)(0.15L2) -^-.=0.262 9 -, 

e 0 a * £„ a* 

v,o,» The force is directed along the body diagonal. 

26.14. Assuming 500 cm* of water, (m — 500 gm), number of water 
molecules. 

M 

where N, is the Avogadro’s number and M is the molecular 
weight. 

„ (6.03 x 10**) (500 gm) 

(18 gm) 

* 1.67 x 10** molecules. 

Since each water molecule has 10 protons, number of protons in 
the sample =1.67 X 10**X 10= 1 .67 x 10**. 
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Now each proton carries + 1.6 X 10 17 coul charge. 
Hence, positive charge in the glass of water 

-—(1.6 x 10" u coul) (1,67x10**) 
=2.7 x 10 7 coiil. 


26.15. (a) Since the penny is originally neutral, the charge Q asso- 
ciated with n, the number of electrons, that are to be removed is 
equal to — IO -7 coul. 


If q is the charge carried by each electron, then 
Q — 10~ 7 coui 


1 .6 x 10 » com 


•6.25 X 10 11 


(b) The number N of copper atoms in a penny is found from 

N-- tV- ~ 


where N 0 is the Avogadro’s number, m the mass o r the coin and A 
the atomic weight of copper. Assuming Ora* s gin, 

„ (6.03 x! 0“ atorna, r ole ) (3.1 gun 

64.git>.'mo!r 

=-■*2.9 X IO 117 atoms 


As there arc 29 electrons in each atom.fd copper, total number 
electrons in the penny is given by 


The fraction f 


n 9 =21WV=(29) (2.9X-10*)* 

n ^ 6.25 XH) U 
~n. Ml x 10* 


x 10** electrons 


l.A a . V' 1 * 


26. 16 Mass of copper atom M= 


where A is the atomic weight of copper =.nd A"* is Avog» iro’s 
number 

M— (64 gm/mole)/(6.03 x IO** atoms/nr ic) 
= 1.06x10"** gm 
= 1.06x10"“ kg 

Volume of copper nucleus, 

v» 7 j i«Jl*»-yKU’9 1 Xl0" u meter)* 


2.17x10-** meter* 
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As mass of the nucleus is approximately that of the atom, 

M 

Nuclear density, -~=(1.06x 10"« kg)/(2.87x 10 44 meter 4 

=3.7xl0 1 ® kg/meter s . 

The answer is reasonable since ordinary density of matei»ils is of 
the order of 10 4 kg/meter®, and because nuclei have radii which are 
smaller by a factor of 10® compared to atomic radii, the nuclear 
volume is smaller by a factor of (10 6 ) 3 or 10 16 , and nuclear densities 
are expected to be larger by a similar factor />., would be of the 
order of (10 w ) (10 4 kg/meter 3 ) or 10 1 * kg/meter® which is of the 
right order of magnitude. 

26.17. (a) The coulomb force is given by 

~ Z,Z 2 
4 itc, r- 

where Z x and Z 8 are the atomic numbers of a-partiele and 
Thorium nucleus and r is the distance of separation. 

(2) (90) (L6 x 10 " 1B coul)-(9X 10® nt-m 2 /coul 2 ) 

(9 x 10“ 15 meter) 3 

= 512 nt 

(b) Mass of a-particlc M--6.69X 10 ” kg 

Acceleration, a~ ' - kg -l.lxm raeter/sec' 


SUPPLEMENTARY PROBLEMS 

S.26.1. For equilibrium, it is necessary that the third charge Q be 
placed on the line joining the other two charges. Let Q be located 

Ou' y > 3 l 

t- i ft t '• 7 


Fig. 26.14 

at distance x from +xj. The electric force F, 3 on Q due to 4 q 
has magnitude. 

. JL_ 1 . 0 . 

" 4 kc, x % 

The electric force F„ on Q due to charge +4q has magnitude 

_ L_ m- 

■ 4 iu. (/-*)• 


^u=. 
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Condition for equilibrium of Q is 


*18= 

z. L_ - 1 4 ? Q 

4*e, x 2 4rte„ (/— x) a 
After cancelling the obvious common terms, 

1 _ 4 

x 2 ( 1 — x) 2 

which yields the solution x=lf 3 

Next, consider the equilibrium of +q. The force *■«! due to 
charge +4 q on +q has magnitude. 

_ 1 (4 q)(q) 

* 21 ~ 4756. / 2 


The force F 31 due to Q on+q has magnitude 

i Qa_ 

4rce„ x 2 

As the force due to +4<jr on +q is repulsivt/, that due to Q on +q 
should be attractive so that -\-q may be in equilibrium. 


^81 = 


We must then have 

F 8i = 

i Qq_ L 4 ? 2 

4 ne 0 x 3 4^e 0 /* 

Putting x—l / 3 and solving for Q, we find 



S.26.2 By Problem 26.3 
charged balls is given by 


the distance of separation between the 


r= r.._£!L_i' 

L 2*6^ J 


K 


•d) 


For /— 120 cm, x— 5 cm, m= 10 gm, we find q — 3:2.4 x 10 8 coul. 


When one of the balls gets discharged they come into contact, 
share the charge of the other ball equally so that each of them will 
now carry charge i<?= + l.2x 10~ 8 coul and will mutually repel each 
other. For the new charge \q, formula (l) gives the new distance x‘ , 


f (kl a T /# 

L 2*e, mgj 


•• ( 2 ) 


Dividing (2) by (I), 

x^_ 

x 


l 


=0.63 


x'=0.63x=(0.63) (5 cm)=3.15 cm. 
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S.26.3. Let initial charges on the spheres be Q and q. When they 
are separated by distance r they attract each other with a force 

- _ Ql 

4ns a r 2 


Qn= _ 4* e r *F= - ^• 5 - meter)> (Q108 -^ 

yq me.rr 9 X 10 # nt-m»/coul a 

= — 3X10 -12 (coul) 2 •••(0 

When the spheres are connected by a wire then the net charge 
( Q — q) is shared equally by the two spheres since they arc identical. 
Thus, each of them now carries charge i(Q—q). 

They now repel by a force given by 

F'^WQ-qWne, r 2 

. V, w , (4) (0.0^6 nt) (0.5 meter)* 

. . f',' = 9 - y - l0 .^^ our , — 

=4 x 10 -w (coul) a 

Q~q=± 2X10"« -(2) 

Solving (1) and (2), Q=±3xl0 -# coul. 

</=T 1 X 10 -6 coul. 

S.26.4. (a) The coulomb force is 


(Q-qY= I6ne 0 F'r 2 = 


Fc— 

1 

Qq 

-a) 

4jjc # 

r 1 


The centripetal force is 




F - 

mv 2 

— niw 2 r 



Equating the coulomb force to the centripetal force, 

1 2? 2* \« 

- f - J <• 
r .= e ?T- 

1 6^ 8 z 0 m 

( b ) The gravitational force between two particles of mass m and 
M is 

G mM 

f„r 1 — (3) 


The centripetal force is as given by (2). 

Equating the gravitational force to the centripetal force. 


GmM 


■mw 2 r —my 
GMT 2 
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S.26.5. Let the electron be projected with initial speed v„ at infinite 
distance from proton. Let it acquire a speed v at distance r from 
the proton. The gain in kinetic energy 

AA'—imv 2 — ...(1) 

Initially, the electron being at infinite distance has potential 
energy U o —0. At distance r the magnitude of potential energy is 


Loss in potential energy is 

*U=V-U.~ . ...(3) 

By work-energy priniciple, gain in kinetic energy is equal to loss 
in potential energy, 

Using (1) and (3) in (4), 

j ... (5) 

By Problem, v=2v„ ...(6) 

Using (6) in (5) and solving for r, 

r-m 

\ 3 / 4ne 0 mv/ 

= / 2 \ (1.6X I Q -1 * coul) 2 (9 X 10»nt-m 2 /coul 2 ) 

\ 3 / (9.1 x 10" 81 kg) (3.24 x 10® metcr/sec) 2 
= 1.61 X 1(T # meter. 

S.26.6. {a) Force exerted on the left dipole 


q* f 1_ 

4ne # L R 2 


+ ! JL+ ! 

(«— 2o)’ «* + (R+2d) 


W] 


2/? 2 +8a 8 
(/? 2 — 4a*) 2 


q 2 r V? 2 +4a* _ _L I 

2ne„ L {R 2 -4a 2 ) 2 /?= J 

(6) The above result can be rewritten as 
q* f 12/? 2 q 2 — 16a 4 “I 
2re t L (A*— 4a 2 ) 2 /?* J 

Now, R a Neglecting the second term in the numerator in 
comparison with the first one, and approximating /?* — 4a* by R 2 in 
the denominator, 

q\ 12/?*a 2 ^ (3) (4(7*a*) = 3p* 

2ne e ( R 2 ) 2 R 2 2ne t R* 2ne, R* 

with p=2qa . 



27 THE ELECTRIC FIELD 


27.1. 



2T.2. (a) Lines of force due to equal charges placed at A, B and C, 
the vertices of equilateral triangle are shown in Fig. 27.2. 

(b) The \est charge is kept at D, the center of the triangle. Let 
AD=a. Take the origin at D and let the plane ABC be the xy plane. 
It catr be shown that near D the potential is 

v =T + -£r ( *' + f- lz ' } 

where all the charges are assumed to be equal to unity, it is easily 
deduced from the above formula that the potential at D is not a 
minimum for all directions in space. As we move away from D in 
directions lying in the plane ABC, the potential increases, on the 
other hand, the potential decreases as we move away in a direction 
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perpendicular to this plane. Thus, the test charge at D, although in 
stable equilibrium in the plane ABC, is in unstable equilibrium off 
this plane. 



27.3. From the upper charge, initially the lines of force tend to be 
projected radially outward with an angular seperation determined 
by the electric field strength. In the absence of the lower charge the 
same angular separation should have been maintained at a large 
distance. However, actually in the presence of the second charge 
which is equal in magnitude, the relative field strength at any distant 
point must be d ouble d as now the lines of force are arising from two 
charges rather tharTa” single charge, thereby reducing the angular 
separation to half of its previous value. Hence, if the angle between 
the tangents to any two lines of force leaving the upper charge is 
8, it becomes i0 at great distance. 

27.4. Let the electrical field intensity at a distance r from a point 
charge q be given by 

p L_ L 

where n^2; the field direction will be radially outward from the 
charge ancf for any point of a spherical surface of radius r concen- 
tric with the isolated point charge, the direction of the field will be 
perpendicular to the spherical surface. If A is the surface area then 
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the total number of lines threading through the sphere is therefore, 


N= EA= 


( q) ( 4 rcr 3 ) 
47 t e 0 r" 


9 


V 


»-s 


This shows that the number of lines is dependent on the radius of 
the sphere, from which it follows that the same number of lines do 
not cross every sphere concentric with the charge. This then means 
that some of the lines of force may originate or terminate in the 
space surrounding the sphere so that the assumed continuity of lines 
of force will be violated. (It is only in the case of n — 2 that N is 
inde pendent of r.) 

27.5. Let the magnitude of the point charge chosen be q 0 . The 
electric field 


E= 


< 7 0 = 47 ce 0 r* 2 s = 


Wo 


ft . 

4«e 0 r* 


q 47i e 0 r*q 

(0.5 meter) 1 (2.0 nt/coul) 
(9 X 10®nt-m s /coul*) 


= 5.5 X 10 -u coul. 


27.6. (a) Consider a positive test charge placed midway between 
the given charges. The test charge will be attracted by the negative 
charge and repelled by the positive one so that the electric field E 
will be directed towards the negative charge. 


2 q (2)(2 x 10 -7 coul)(9 X lO^nt-mVco ul*) 

E ~ ' tnej * — (0.075 meter) 1 ’ { r. ■ v-S* 

=6.4x10® nt/coul towards the negative charge. 

( b ) Force on electron, F=£e=(6.4 X 10® nt/coul)(1.6 X 10" w coul) 

j =1.02 x 10 _u nt toward the+ve charge. 


27.7. E is calculated from 


P— . 

47ceo.x* 4neo(x— d) 1 


Fig. 27.7 shows the plot of E versus x. 
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tended between F* and F~ is 120°. The resultant force, F will make 
an angle 60° with F~. Hence, the direction of force on +q is parallel 
to the line joining +C and —Q. 

27.9. 0>) Let q t =+ 2.0x1 0" 7 coul and q t = +8.5 x 10"* coul. Force 
on each charge is given by 

p— 

4««or* 

(9 x 10* nt-m*/coul*)(2x 10~ 7 co'ul)(8.5 X 10~» coul) 

— (0.12 meter)* 


= 1.06X10"* nt 

(a) Electric field produced by q x at the site of q t is 

E L - iS l=1.25xl0« nt/coul 

Cl q t 8.5X10* coul 

Electric field produced by q t at at the site of q x is 

E %— - = = 5 - 3 x 10< 

* q x 2 X 10 7 coul 

27.10. (a) Electric field at P is given by 
£=£♦ + E~ 

Where E + is the field due to charge +q and E~ is the 
field due to —q. 


4 ne,(r — a *)* 
qar 


4nc, (r-f a)* 


ne, (/•*— fl*)* 

If r > a, then a 2 can be neglected in comparison 
with r* in the denominator. 


E— 


nc. r J 


By definition, the dipole moment p~ laq. 

£=z — 

« 2ne # r* 

(6) Direction of E is parallel to P 


+ | 

0 

-.qt 

Pig. 27.19 


27.11. (a) E=E x +E* 

E ‘ =E '~ " (1) 

The vector sum of Ej and E, points along the perpendicular 
bisector joining the charges. 

E—2E X cos 0 •••(2) 
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From the geometry of the figure we have 


cos 0 = 


V a*+r* 
Use ( 1 ) and (3) in (2) to find 


...(3) 


E-. 


2q 


Iqr 


4tcc 0 (n*+r*) v^+r* 2«e 0 (o‘+r , ) ,/ * 


If r>a, then a* can be neglected in comparison with r* in the 
denominator. 


- 1 2^ 
4ice 0 r% 


(b) E points radially away from the charge axis and lies in the 
median plane. 

/ 

(c) At great distances the two charges of the same sign behave 
like a monopole (single charge) for which the electric field is 
expected to vary as r ~ *. On the other hand for the dipole with 
charges 0 and —q the field is expected to varyas r - *. 

27.12. (a) Let the point at which the electric field is zero be located 
at distance x on the charge axis on the right side of +2 q. The 
intensity is then given by 


E= 


2q 
x * 


(x+n)* 


=0 


2(x+a)*-5x*=0 

V5— V 2" ~ 1,72 
~(1.72)(50 cm )— 86 cm. 


whence 
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Use (2) and (3) in (1) to get 

£'= ltflq 

E' points downward. 

1 he electric field E" due to 
dipole +2 q, —2 q is given 
simply replacing q by 2 q in (4) 
2/2(2 q) 


••(4) 

the 

by 


E' 


4ne„ a 1 


• (5) 


It points up. 

The resultant field due to the 
two dipoles is given by 


+ <? a. -2? 



Fig. 27.13 


E' = E+E* 


2 / 2 (2 q) _ 2 /2 q _ 2 /2 <? 
2 4rte„ a 2 4ne 0 a 2 4jie„ o 2 


= (2 /2) (9x 10 9 nt-m 2 /coul 2 ) (1.0 x 10 8 coul)/(0.05m) 


= 1.02x 10 5 nt/coul. 


It points up. 

27 . 14 . (a) Let the charges q x and qz be placed at a distance d apart. 
Let the point P be located at a distance x from q 2 and away from 
q t on the charge axis, where E=0. Assume that q x and q t are of 
opposite sign. 



----- d -- 


x - • 


Fig. 27.14 


E 


4nc.{d+x)* 


0a 

4ne # jc* 


— 0 


or 


0i*‘ 0i (d+x)*=0 



or x— 


j_v^0 1 _ 
V0i —\/q% 



Thus, charges must . be of opposite sign. The nearer charge a. 
must be less in magnitude than the farther charge q x since x must 
be positive. The distance from q t is given by (1). 
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( b ) As x has to be positive, the second solution for the quadratic 
equation is unacceptable. Further, at any point away from the 
charge axis and other than infinity E is always finite. Therefore, no 
other solution is possible. 


27.15. Consider a length dx of the rod at distance x from the 

dx 

center. Then the charge associated with the length dx is q -j- . The 

distance of P from dx is V v*+x*. At P the elec/ric field due to dx 
is 


dE= 


qdxj$- 

4n«.(y , +x*) 


The y-component of the field along the perpendicular bisector of 
the rod is given by 


dE,=dE, cos 6= 


q(dx/l) y 


4iw # (y* + X*)* /s 

Total perpendicular component of the field is given by 

//2 

E ’ =z \ dE L =2 f4* c .oJ+;t«)«/i 


p 



Fit. 27.15 
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Set 


Then 


x—y tan 0 

dx—y sec* 0 dO 

II 2 0 O 

f dx y f sec 1 0 dQ 

J 0- , +x*) s/ * — /*J(l-f-tan a 0)* /a 


0« 


-u 


cos 0 d0= 


sin 0 O 


//2 / 


Since the x-component of the field would vanish upon integration, 
we have 




/ 


4ns,,/ y a *J 4/*^-/* 2jte 0 /VT+(4/*// 1 ) 

Since -y-=A, the linear charge density (charge per unit length) in 
he limit / ->oo, we get 

A 


£= 


2ns # y 


27.16. Let the coordinate system be located at the center of the 
circle. Choose the y-axis so that it divides the bent rod into two 
equal parts. Consider a segment ds of the rod subtended between 0 
and 0-j-d0. The charge in ds is given by. 


dq=q 


ds 


where s is half the length of the ’rod. 

, d6 _ d6 


The field at O, the center of the circle due to dq is given by 
dE= dq = 2 qd* 

4ne,a* \fttftja* 

The /-component of the field due to dq is given by 


a 9 cos 0 SO 
dE>=dE cos 0=i 5 —-=- 

’ zKt t 0 # cr 
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ly - axis 

i 

l 



Since the x-component of the field would vanish upon integration, 
we have 


E=ldE,— -=-£■ 


2iw # 8, a* 


Ho 

cos 8 </8== 


2tc« # 8* a* 


sin 8 


Ho 

i 

0 


g sin fl6.) 
2«« # 8, a* 


Consider an element of area dir in the form of a circular strip 
symmetrically placed over the inner surface of the hemisphere. The 
radius of the strip is a sin 8 and its width is (a dfl) where 8 is the 
polar angle. 


ds=2K(a sin 8) (ad8)«=2na a sin 8 d8 



Pig. *7.17 
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As tlie area of the hemisphere is, A=2na*, the charge spread over 
this strip is 

ds q(2na * sin 0 d0) . a J0 

d »r«r= — 2*0* — =« 8,n ® M 

The electric field acting at O, the center of the hemisphere is 

dE= ^4 j s ‘ p M 6 
4ne„a* “ 4*e„ a* 

The ^-component of the field is 

dE,=dE cos 0 

As the x-component of the field vanishes upon integration the 
total field E is given by JM' 


E=\dE, = e cos 0 d0 


= & 

4rce, a 


1 

jsin 0 d(sin 0) 


_ g 

8k€ b a* 


It points along the axis of symmetry and away from the hemi- 
spere. 


27.18. The combined electric field due to the charge +q, —2q, +q 
at distance (r— d% r and (r+a) respectively, is given by 

E= -A-M- _?*+- *_1 
4nc„ L(r-fl)* r* + (r+o)* J 

(3r*-o*) 

~4*c. 


Since r >> a, 3r a — dtotir* and r* — 0 * 8 */’*. 
Also, Q=2qo* 


E~ 


4ne,r* 


27.19. The electric field on the axis of the charged ring is given by 

_L _2* 

where a is the radius of the ring and x is the distance of the electron 
from the center of the ring along the axis. 

For x < a, we can neglect x* in comparison with a* in the deno- 
minator. 


E 


4m, 
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The force F acting on the electron is 

F— — eE = — 


Acceleration, 


= F_ 

m 4 tie., ma 3 


eqx 
4 ne„a 3 

eqx 


— — (o £ X 


As the acceleration is directly proportional to the displacement 
but oppositely directed, the motion is simple harmonic, with angular 
frequency 


,= V: 


eq 


47ie„ma 3 

27.20. The electric field is given by 

E= 


qx _ 

4ne 9 (a 2 +x 2 ) 312 


( 1 ) 


dE 


Differentiating (1) with respect to x and setting j— =0, to find the 
maximum value of E, 


dE 

dx~ 


c 


(a 2 +x 1 2 ) 313 — x. 2x (aM x 2 )* 


J 


4*E 9 (n 2 +x 2 ) 8 ° 

(aM-x 2 ) 8 ' 2 (a 2 +x 2 )*— 3x 2 =0 


Factoring 

Since 
we have 


(a 2 + x 2 ) 1/2 (a 2 + x 2 — 3x 2 )i=0 
(a 2 + x 2 )^ 0, 
a 2 — 2x 2 =0 


or 


x— 


V2- 


Thus, the maximum value of E occurs at x—a/V 2. 

27.21. Consider an element of the ring of length ds located at the 
top of the ring shown in the textbook Fig. 27.10. The element of 
charge associated with it is 

, ds 

</«.=«. - 

where q x is the charge in the upper half of the circumference. 
The differential electric field at P is given by 

1 


dE x = 




r- 


\ 


hds \ 1 

Titi J Cl 2 V 


X* 


where x is the distance of P, from the center of the ring whilst 
r is the radial distance of P from the circumference of the ring. 
Note that for a fixed point P, x has the same value for all charge 
elements and is not a variable. 
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(a) The ^-component (along the axis) of the field is given by 
E\ (x)—fdE t cos8 

I I qx ds x_ 

4tce„ na C^+x 1 ) 4(P+x* 

= M t ds 

4#«, (*a) (a’+x 1 )*'* ia 

But Ids— no, half of the circumference of the ring, so that 
El 4««. (S+x*)»/« 

Similarly, due to charge q t in the lower half of the ring, 

* w 4ne. (a«+ x»)»'« 

Field along the axis due to the entire ring containing charge 

0 = 01 + 0 . » 

E (x)=Ex (x)+E% (*)= )./.* 4nc 0 (a* +*»)»'* 

since £ t (x) and £, (x) point in the same direction. 


i- ax is 



(ft) The transverse component (perpendicular to the axis) of the 
field due to 0i is given by 
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E x (T)=idE x sin 0 

f 1 q\ds 


4*e, no (a*+x») VflS+x 1 


q x a 


Since 


4«e. (na) (a’+x*) 8 ™ 
W 


Ids 


Ei (70= 


4 Ke„ (a*4-x,) #/ * 

Let be defined by the azimuthal angles ^ and f+d+. The 
angle <f> being measured with respect to the z-axis. The transverse 
component will lie in the direction OA. Hence, its projection on 
the z-axis averaged over the azimuth angle gives the z-component.j 

n /2 «/2 

E x {z)=Ei (T) fees <f> = ~~E X (T) sin <f> 

0 * 0 
— r (T\ q ^ 

* lK ’ 2n t e 0 (a 2 +^ lt 

For the other half of the circumference, q t will contribute to the 
field in the opposite direction. 


E t (z)= — 


qw 


2n»e. (a* +**)»/* 


Net"component of electric field perpendicular to the axis in a 
fixed direction is 


E(z)=Ei(z)+E t (z)-- 


(<7i-<7i)q 


2**e. (a*+ 

27.22. Consider a ring of radius x and width dx, concentric with the 
disk. The charge in the ring is 

dq*={ 2nxdx)a 

The electric field at P at distance r along the axis from the center 
of the disk, due to element of charge dq is given by 

>P_ dq _ (2nx dx)a __ ax dx 
dt ~ 4 kc. K* 4nc„ R* 2t. (r*+jc*j 

The component of field along the axis due to dq is 

ax dx r arxdx 


dEr—dE cos 0= 


It. (r’+x’JVrTf^ 2c. (r*+x»)»/« 


The component of the field in the direction perpendicular to the 
axis vanishes upon integration. 
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* 4 *'= r.. /■ <&*>«. 

0 

Set 

x*=r tan 0 
rfx=r sec* 0 </0 

The integral 

f (r tan 0) (r sec* 0 rf0) _ 1 f . fi .. 
'-) (,. +r . tan 2 6) 2 < 2 r J sm 6 * 


r /V a*+r* 


E -co.6, r [l-^ + - t ] 

Therefore, 

t*S 

II 

Kh 

i — i 

T 

* 

+ 

** 

to 


27.23. The field due to charge +q at P is 

E\^=—r — — — 5 - 

4«, r x x 

The x-component of the field is E x (x)—E x cos Q x —E x (x/r x ) 

g* = qx 

4*6, r x * 4rt£ 0 [x*+(.y— 

Similarly, di je to —q, 

Ei U)=~ 

Neglecting the term a * in the denominators, 

E(x)~E x (x)+E t (x) 

_ g* J_ i 1 X 

- 4ne. 1 (x*+y t -2ya)*t' (x*+y*+2ya)*l*f 

= "4n«7(?T?) T/i [( 1_ w) 2 i( 1+ **+?) 2 3 



The Electric Field SI 


_ 6q xya 
4*«, (*»+/•) •/* 

where we have retained terms linear in a and ignored higher 
order terms. Setting p=2aq 


Em- 


tyxy 


(y—a) 


4«e # (**4-/ s ) #/l 

The /-component of field due to charge J+# is 

E l (y)~E& [x*+(/-o7]‘ rt 
Similarly, due to charge— q, the /-component is 

<?Q+q) 


E*(y)" 


4it* # [;c*4-(y+a)*] a/ * 



Neglecting a* in the denominators, 

E(y)=E 1 (y)+E l (y) 

_ ( 1 ( 1 + iH?) ] 

4«e,(** +/*)»/* 

“ T 4r«.(jc*+/*)»/* 

g(2a)(2y«-jc») 

_ 4*c.(* a +/»)*' a 


Where we have neglected terms involving a* and higher order terms 
Setting p =2aq 

£(y)= 

W 4nc f (x a -f/ I )* rt 


32 Solutions to H and R Physics— II 


27 . 24 . Weight of electron, F=mg=(9.1 x l(T* l g) (9.8 meter/sec 8 ) 

=8.92x 10 -8# nt 


Electron charge, e=1.6x 10 -19 coul 

Electron «eld = = 5.6 X 10-» nt/coul 


in the downward direction 
(6) weight of a-particle 


F=mg=(6.68x 10 -27 kg) (9.8 m&er /scc 9 ) 
=6.55 X 10~ 29 nt - 


Charge of a-particle, q = 2 e=3.2 X 10““ coul 

Electric field, E—^= — 2 x 1 0 -7 nt/coul 

in the, upward direction 


27.15. (c) E-f- 1.SX 10’ nt/coul 

(6) F=Ee==(1.5x 10* nt/coul) (1.6 X ltT 19 coul) 

=2.4 X 10 -18 nt (up) 

(c) Gravitational force, 

F—mg={ 1.67X 10 -27 kg) (9.8 meter/sec 2 ) 

= 1.6x 10 -29 nt 


(</) Ratio of the electricjto the gravitational force, 
Ee 2,4 X 10 -u nt 

mg' 


: 1.6xl0~«nt 


: 1.5 X 10 1# 


F Ee 

27.26. (a) Acceleration, a — — = — 

mm 

(10 9 nt/coul) (1.6 X 10~ 19 coul). 


: 1.8x 10 17 meter/sec 


9.1 X l^f 81 kg) 

(6) Initial velocity v„=0 

Final velocity v=0.1c=^^^3 X 10* meter/sec ^ =3x 10 7 m/sec 
3 X 10 7 meter/sec 


t= 


v— v a 


1.8 x 10 17 meter/sec 9 


= 1.7x KT 10 sec 


(c) High speeds attained by the particles owing to intense electrk 
fields limit the applicability of Newtonian mechanics. 

27.27. (a) Force, F=Ee={ l'Ox 10 -8 nt/coul) (1.6 X 10* 19 coul) 
=1.6x 10 -19 nt 

Acceleration, a= -=i45r!£nr =1-76 XlO 19 meter/sec 8 
m 9.lxl(T n kg 

v 8 =v e *— 2ar 

_ y, 8 — v 2 (5 X 10* meter/sec) 2 — 0 
s ~~ 2 a ~(2)(1.76j x 10 14 meter/sec 9 ) 

=7.1 X 10" 8 meter— 7.1 cm. 
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( 6 ) 


v=v.—at 


/= 


v„ — v (5 x 10* meter/sec)— 0 


=2.8 x 10" 8 sec. 


a ~~ 1.76 x 10 14 meter/sec 2 
(c) v a =v 0 *—2 as 

= (5x 10* meter/sec) a — 2 (1.76 X 10 u meter/sec*) 
(0.8 X lO~ a meter)=22.18 X 10 12 (meter/sec) 2 
v=4.7 x 10* meter/sec 
Fraction of kinetic energy lost 

M K q~ K JL 

AT. “ AT, “ K 0 “ /■ 

= 1— [(4.7X10* meter/sec)i5.0 x 10* meter/sec)]* 
=0.1 16 or 1 1.6%. ' 

F Fp 

27.28. (a) Acceleration, a =— ,= — 

Wj ffl 

(2.0 x10 s nt/coul)(1.6x 10 19 coul) 
(9.1 X10“ S1 kg) 

=3.5 XlO 14 meter/sec 2 
=3.5 x 10 1 * cm/sec 2 
Equation of the trajectory is 


2 


>-=(tan 6 0 ) x — 
cm=(tan 45°) x 


ax 2 

2(v 0 cos 0 o ) a 

(3.5 X 10 1 * cm/sec 2 ) x 2 _ 

~ 2 (6.0 XlO 8 cm/sec) 2 (cos~45°) ? 


Simplifying, 

3.5x a ~36x+72=0 


•••( 1 ) 


As the discriminant (6 2 — 4ae) of the above quadratic equation is 
positive, the roots will be real. Hence, the electron will strike the 
upper plate. 

(6) Eq. (1) yields the roots x=2. 7 cm and 7.6 cm. The electron 
will strike the upper plate at a distance 2.7 cm from the left edge 
Here the second solution (x=7.6 cm) is not realized. 


27.29. The field at A is 

^ 9 . r_L 

4 !CS 0 {_ z 2 (/— z) a J 

where / is the distance between the two charges (Fig 27.29 
Differentiating E with respect to z .* i > 

n, 1—1 

dr 4«c e L Z ) 8 J 

„ / 

Sel z— j 


Fig 27.29 
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Then, 


dE_ __ Sq 
dz nc„/ 8 


Now, the magnitude of the force on an electric dipole moment 
placed in a non-uniform electric field E is given by the relation 

F=p^- where p is the dipole moment. But, f-- at z=-^is non- 
cz dz 2 


zero. Hence, force Would be exerted on a dipole placed at z=-y 

notwithstanding the fact that E—0 at this point. 

17.30. (a) Balancing the electric force by the weight of the oil drop, 

Eq=mg 

m=-yn/? 8 p= yrc ^ 1 .64 x 10“ • meter) 8 (851 kg/meter 8 ^ 
= 1.57 x 10 -14 kg 

mg (1.57 x 10 ! kg) (9.8 meter/sec 2 ) 
q ~ E ~ 1.92 x 10® nt/coul 

= 8.0 x 10“ 18 coul. 

But q—ne 

where e is the charge of the electron and n is the number of 
electrons. Therefore, 

— <7 8xl0~ l *coul 
n e ~ 1.6 x 10~ 19 coul~ 

( h ) First, electrons cannot be seen. Secondly, in order to balance, 
the fields to be employed would be too small. 

27.31. Taking the differences between various measured charges 
arranged in the ascending order, we have in units of 10~ 19 coul, 

1.6374 ; 3.296 ; 1.63 ; 3.35 
1.600 ; 1.63 ; 3.18; 3.24 

The above figures are seen to be in multiples of the elementary 
charge of about 1.6.x 10 -18 coul. We therefore find the mean 
elementary charge from 

<e> =J[1.637 + i(3 296)+1.630-H(3.350)-H.600 
+ 1.630+ i(3.180) + i(3.240)]xl0~ 18 coul 
= 1.63 x 10 -l# coul. 


27.32. (a) Gravitational force on the sphere must be balanced by 
electric force. 

q£=mg 

__ mg (0.453 kg) (9.8 meter/sec 2 ) 
q ~~ E 150 nt/coul 

= 0.03 coul 
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The charge must be positive. 

r r (3) (0.453 kg) T' 3 

y ) 0 \4«p / |_ (47t )( 2000 kg/meter 3 ) J 

=0.0378 meter 

The electric field on the surface of the sphere is 

Q _ (9 X 1 0 9 nt-m-/coul 3 ) (0.03 co ul) 

4ns o r e i ~ (0.0378 meter)" 

= 1.9X 10 u volt/m 

a value which is much in excess of 3 x 10® volt/meter for the electri- 
cal breakdown in air. The sphere itself may get blown off owing 
to intense electric field. 


SUPPLEMENTARY PROBLEMS 

S.27.1. The electric f .rce acting on the sphere of charge 4 q is 

Fe—qE 



Ft". S.27.1 

Let the sphere be displaced through a small angle 6 from the 
equilibrium position, the linear displacement being v along the arc. 
While the sphere is attracted down due to gravitational force 
it is repelled by the positive charge on the lower plate. I he net 
component of force along x is 

F= — {Fo'-^Ft) sin 6*= — (m,e— ql ) sin t* 

The negative sign has been introduced as the restoring force acts 
in the direction opposite to the displacement. As t> is small 

sin 0-fl- £- 

F=*ma= — ( mg—qE ^ *- 
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Acceleration is given by 



Equation (l) is that of simple harmonic motion as the accelera- 
tion is proportional to displacement and is oppositely directed. 


fw.— «2n a/ - — ■ ...(2) 

" v g—{qEm) 

If the lower plate is negatively charged the net force due to gravi- 
tation and electric field would be enhanced as the forces] act in the 
same direction, the time period would then be 


7 '= 2 ” \fg+(7EM - (3) 

Note that by setting either q = 0 or E = 0 in (2) or (3), we^ would 
get the familiar formula for simple pendulum viz. 7’— 2 rcV7/g. 


S.27.2. (a) Owing to symmetry the magnitude 
acting on the charge q will be equal 
(Fig. S.27.2). The resultant will be 
obtained by completing the parallelo- 
gram and drawing the diagonal. From 
the geometry of the figure, it is obvious 
that the resultant F points in the 
direction antiparallel to that of the 
dipole moment. (Recall that the dipole- 
ment is directed from negative charge 
towards positive charge). 

(h) The direction of force on the dipole 
will be opposite to that of F i.e. 
parallel to the dipole moment. 

(c) Magnitude of force on the dipole is 

F=5 x 10“ # nt. 

( b ) and (r) follow from Newton’s third 
law of motion viz,, action and reaction 
are equal and opposite. 


of forces F + and F~ 



Fig. S.27.2 



S.27.3. Consider the differential 
element of charge dq in the ele- 
ment of arc ds for the upper half 
of the semi-circle. The electric field 
atfPdue to this elementary charge 
points along the the radius vector 
and is indicated by dE + in Fig. , 
S.27.3. Resolve dE + into dEx + and 
dE y + along the x and y-axes respec- 
tively _ 

ds=Rdt ...(1) 

Q ds 2Q dti ( 

dq -UR=~T' •" <2) 

where use has been made of (1) 
jt 7 + dq 






dE + = 


4*e. R* 


F|g. S.27.3 


jr + jrr a dq sin 0 Q sin 6 dQ 
dE,+=dE* sin e= 4 --~ R , 


2n*e t R* 


where use has been made of (3) and (2). 
Integrating (4), 

n/2 


E + =- 


,R 2 1 S ‘ 


sin 6d 0= 


2 


in the downward direction. 

It is found that due to charge —Q spread over the lower half of 
the semi- circle, 

E - Q 

1 2«*e, R 1 

again in the downward direction. 

Electric field due to both +Q and -Q, 

E — £ +4-£ ~as— ^ Q @ 

by by +by ^ Rt - ^ Rt 

However, the x-components £» + and E»~ due to the two charges 
cancel each other. Hence electric field at P is 


S.1M. Consider « differential element of length ix at distanee x 
from A. The element of eharge associated with dx is 

d i—l dx 


•( 1 ) 
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The magnitude of the field contribution 
dq at P is 

due to charge element 

1 dq 1 *dx 

C 4jie„ r 2 — 4rce 0 (i? 2 +x 2 ) 

..(2) 

where use has been made of (1). 


The vector dE has the components 


dEx— —dE sin 0 

...(3) 

dE y =—dE cos 0 

-.(4) 



Fig. S.27 4} 


The minus signs indicate that dEx and dE, point respectively in 
the negative x and y-directions. 

The resultant x-component of the field is obtained by integrat- 
ing (3). 

E,=!dE*=-jdE sin 0 


oo 


A f x dx 

4nc 9 J (/? 2 +x 2 )*' 2 
0 


(5) 


where use has been made of (2) and the relation 
sin Q=x/*f R*+x*. 

With the change of variable x=J? tan 0, and dx—R sec 2 0 J0, 
we find 


«/2 

E,= \dg.=-f±j f*M- 

0 


A 


4 *t,R 


...( 6 ) 
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Similarly, we have for the y-component, 

A R dx 


dE y — — dE cos 0=- 




4 ne, (/?*+**)»'* 

With the change of variable x—R tan 0 and dx—R sec* 0 </0, we 
find 


*/2 


Ey=*dE y =- 4 ^ Jcos0</0=~ 


A 

4 tte./? 


...( 8 ) 


by 


The angle which the vector B makes wi{h the y-direction is given 


tan 0_ 


E, 


= 1 


(9) 


where use has been made of (6) and (8). From (9) we find 0„=45°. 

S.27.5. The torque acting on the dipole is given by 

t=P X E—pE sin Q=pE 0 • ••(!) 

where small angles have been considered so that sin 0=0. 


Also, r—Ia—I 


</*0 
dt r* 


•••( 2 ) 


There is a restoring torque acting on the dipole which enables it 
to return to the equilibrium position. Comparing (1) and (2) 

/~,= -p£» -(3) 

Where we have inserted the minus sign in the right side since the 
restoring torque acts in the direction opposite to the angular dis- 
placement. 

d*_0 Pjh = _ K J_ (4) 

dt'~ I / 

Where k is the torsional constant with, k—pE. The period of 
oscillation for* the torsional pendulum is given by 


Wt 


and the frequency of oscillations is given by 

[T ss ± [fi 

r 2« V J 2«V 7 

S.tJ.6. Two forces and-/, act in the opposite directions as 
shown ia Fig. S.27,6. 
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F=F t -F t 
Net force 

F t —qE 

where E is the field at the negative 
charge. As the field is varying in the 
vertical direction, the field at the 
positive charge will be 

E+dE=E+ ~dy 

oy 

F x =q (E+dE) 

“« ( £+ af”*' ) 

dy=2a, the charge separation distance. 

?>F 

_ »-» i _ \ v 

* i 


+<? 


-? 


+ F. 


~ F 7 


Fig. S.27.6 


Set 

Then 


:qE+( 2 aq ) 
0 E 


3 y 


=,£+£ a , 

F=qE+p f y 


—qE—p 


d_E 

3 y 


pointing upward. 

S.27.7. The field E due to dipole at a point a distance r, along the 
perpendicular bisector of the line joining the charges is given by 
_ 2 aq 

£ “4«.r* 


where 2a is the distance between equal and opposite charges q 
of the dipole and r >» a. The magnitude of field at P due to the 
dipole closer to P is 


~ _ 2 aq 

1 4 ne, ( R—a )* 

pointing down; that due to the dipole which is farther is 

r = 2 ag 

* 4 (*+a)« 

pointing up. 

Therefore, the net field is 

£ '“"" £ '- £ - = Hl.[(^,*-^).] 

2 aq 2a(3A«+a«) 

UP-d*)» 

Neglect a* in comparison with R*. Then 

iqa* 


...( 2 ) 

•• (3) 
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28.2. The flux <f»E can be written as the sum of three terms, an 
integral over (a) the lower cap, ( b ) the 

cylindrical surface and (c) the upper cap £ 


(Fig. 28. 2). 


^e= /E .dS 
= [E.dS + 

J (a) + 


fE.JS + fE. 

J (6) J ( 


d S 
(c) 


for all points 


M4 


b'S 


Now, for the caps, 
fE.rfS = fE.rfS _ n 

J (a) J (c) 

because 0=90°, E. </S=0 
on the caps. 

For part ( b ), the curved surface may be 
divided about a plane perpendicular to E ,g 28 “ 

and dividing the cylinder into two halves, right and left. For right 
half© < 90° whilst for the left half 90 < 0 <180*' ’so that for 
reasons of symmetry the contribution to the intergral for the entire 
curved surface vanishes. Consequently ^£=0. 


28.3. <f>E=fE.dS 

— f E cos US 
=£ cos 0 SdS 
=EA cos 0 

where we have taken cos 0 outside the integral, as 0 is constant. 


28.4. Flux <f>E and the net charge q 
surface aie given by the relation 
e„ <f>L—q 


Bo 


1.0 X 10 8 coul 


8.9 X 10 12 coul 2 /nt-m a 


enclosed by the Gaussian 


— 1 . 1 x 10® nt-m 2 /coul 


28.5. As the net charge enclosed by S u S 8 , S s is positive, </>e is also 
positive. 

As the net charge enclosed by S a is negative, </>e is negative. 

As the net charge enclosed by S A is zero, 4>e is zero. 


28.6. Describe a sphere to represent the Gaussian surface enclosing 
the mass m. The angle between the field direction and the element 
of area on the sphere is 180°. Thus 


4k G 


+’~db* sJS ~' 
~ - i id I" 


do I*" 

g 4Kf* 

4kG 
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or 


G m 

8 r 2 


A mass M ^placed in the gravitational field g due to m would 
experience a force given by 


r w GmM 
F=gM— 


The negative sign signifies that the force is attractive. 


28.7. Electric field at point a at distance r from the charge is given 
by 


(1.0 X 10" 7 coul) (9 x 10® nt-mVcoul 2 ) 


(1.5 X 10 2 meter' 2 






( . >owy < » ^ 




mAt 


4ne 0 r 2 

lf^tn/couL 

At the point b, the electric field £—0 since the point is^within 
the conductor. 


28.8. (a) Consider a point charge 
uncharged thin metallic surface 
(shell) of radius R. Let the point 
P lie on an element of surface <ls 
within the shell. Fig. 28. 8 (a), on 
the surface of a sphere of radius 
r concentric with the shell. Since 
the net charge enclosed within 
this Gaussian surface is q, accor- 
dingly to the Gauss’ theorem, the 
flux at P is given by 

= f E.rfS 

—jEds cos 0 


q located at the center of an 



points out 


But here the' entire field is normal to the surface and 
from it, i.e. 0=0. 

q — =E f ds= (£) (4nr») 

J 


E= 


j 

4nc, r* 
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(b) As the shell is conductor, negative charge —q will be induced 
on the inside and +q will be 
induced on the outside of the 
shell. Choose a point P outside 
the shell at distance r from the 
center of the shell and draw a 
spherical Gaussian surface of 
radius r and concentric with the 
conducting shell. The surface 
is indicated in Fig. 28. 8 ( b ) by 
the dotted lines. 

The field vector emerges every- 
where normal to the Gaussian 
surface. Further, the field has 
constant value over the surface. By Gauss’ theorem 

s„ fE'dS—q 
c 0 E I ds—q 
c 0 E l4 nr*)=q 

whence £= ~ — , 

4tt* 0 r 1 

v c) It is seen from the results of (a) and ( b ) that the shell has no 
effect on the field. 

(d) Yes, negative charge is induced on the inside surface and 
positive charge on the outside surface of the shell. 

(e) Yes 



Fig 2*8 (b) 


(/) No 
( g ) No 


28.9. The small rectangle in Fig. 28.9 (a) is a side view of a closed 
surface, shaped like a pillbox. Its ends, of area 
dA, are perpendicular to the figure, one of them 
lying within the sheet the other in the field, j + 

Lines of force crossing the surface of the pillbox 
is EdA where E is the electric intensity. The 
charge within the pillbox is adA. Then from 
Gauss’ law 


or 


EdA=- <sdA 
*0 

*. 


(a) On the left of the sheets, Fig 28.9 (6) electric 
intensity E x due to sheet 1 of charge on the 
left hand is directed toward the left and its 
magnitude is a/2c ( . Then intensity Et due to 
sheet 2 of charge on the right hand side is also 
toward the left and its magnitude is also a/2*,. 


dA 


+ 

+ 

fig J».9 (a) 
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The resultant intensity is therefore, 


£ , =£ 1 +£j= 5 £ - + 

2s 4 



a 


( 6 ) Between the sheets E x and E% are in opposite directions and 
their resultant is zero. 


(c) On the right hand side of the sheets, E x and E t again add up 
and the magnitude of the resultant is o/e e , directed towards right. 



Fig.28.9 (b) 


Flg.28.10 


28.10. (a) and (c). On the left side as well as on the right side of 
the sheets the intensity components E x and E 2 are each of 
magnitude <i/2e 0 but are oppositely directed so that their resultant 
is zero (Fig 28.10). 

( b ) At anV point between the plates the field components are in 
the same direction and their resultant is a/e 0 and is directed 
towards left. 

28.11. By Problem 28.10, the electric field intensity £ between the 
plates is given by 

E~a/e 0 

But, the charge density a~qlA 
• . q^ 1 E&oA 

=(55 nt/coul}(8.9 x 10" 12 couF/nt-m 3 ) (1.0 meter 2 ) 

=4.9 X 10 _l ° coul. 
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28 . 12 . (a) As no charge is enclosed within the charged metal sphere, 
E for a point inside the sphere is zero. 

( b ) In calculating the field external to the spherical charge distri- 
bution, the charge may be considered as concentrated at the center. 


q (9 x lfl 9 nt - m 2 /cou l 2 ) (2 x 10~ 7 coul) 
4jt <z 0 r 2 ~ (0.25 meter) 2 

=2.9x 10 4 nt/coul. 

q _ (9 X 10 9 nt-m 2 /coul 2 ) (2 x 10~ 7 coul) 
4 ne c r 2 (3 meter) 2 

= 200 nt/coul. 



28 . 13 . E— - 

Force on the electron, F=Ee— — 

£ C 

Where e is the electron charge. 

Let the electron be fired from a distance x meters so as to just 
miss striking the plate. Then work done 

W=Fx= aeX 

£ o 

Setting, W—K, the initial electron kinetic energy 
aeX =K 

X.& 

oe 

_ (100 ev) (1.6x 10~ 19 joule/ev) (8 .9 x 10~ 12 coul'-/nt-m 2 ) 
( — 2x 10 -# coul/meter 2 ) ( — 1.6 x 10~ 19 coul) 


=0.44x10 3 meter=0.44 mm. 

28 . 14 . Describe a Gaussian surface in the 
form of a right cylinder of radius r coaxial 
with the given cylinder and of length 6 
Fig 28.14 (b). Let r < R. The charge within 
this Gaussian surface is 
q=nr-b p 

As the caps of the cylinder are perpendicular 
to E, they do not contribute to the field inten- 
sity. The only surface which is of consequence 
is that of the cylinder's curved surface of area 
A — 2nrb, 

According to Gauss’ law 
t, fE.dS—q 

As E is normal to the elementary surface 
dS and is constant, we have 

e.E J \ds--q 
t ,EA —q 



Fig. 28.14 (a) 



28.15. For r < a ; E = 0 
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E= 3- (r<» 

e.,/1 e 0 {2nrb) 2e 0 

For r > R, again construct the closed 
Qaussian surface in the form of a right 
cylinder of radius r and length b coaxial 
with the given cylinder. 

No lines of force cross the ends of the 
cylinder. The lines of force cross outward 
normal, to the curved surface as before. 
We have 

q—nR 3 b p 

A—2nrb 

E=~ — _ ^ 2 P 

t 0 A t 0 (2nrb) 2t 0 r 



Fig. 28.14 (b) 


For a < r < b ; E- 


4 n(r 9 —a*)p (r 3 — a 3 ) p 


4 ne„r 2 3 4rte 0 r 2 


For r > b ; E— 


4 n(6 3 — a®)p (b 3 — a?)? 


4 ne„r'-’ 3 4rce 0 r a 


Fig. 28.15 shows the plot of E versus r. 



Fig. 28 15 
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28.16. Case (i) r > R. 

Construct a Gaussian surface in the form of a right cylinder of 
radius r and of length b, coaxial with the metal tube. As the lines 
of force do not cross the ends of the cylinder, the only surface that 
matters is the curved surface of the 
cylinder through which lines of force 
cross in an outward direction normal 
to the surface. The quantity of charge 
within cylinder is A b. According to 
Guass’ theorem. 


A 


* 


A- 


(« .B)(2nrb)~Xb 






or 


2ns,r 


(r > R) 


Fig. 28.16 (a) 


Case (ii) r < R. 

Since no charge resides within the tube, the field 
£=0 ( r < R) 

Fig. 28.16 (6) shows the plot of E versus r. 


? 


D 

O 

o 



Fig. 28.16 (b) 

28.17. (a) For r > b the point is outside both the cylinders and 
the Gaussian surface drawn at radial distance r would enclose a net 
charge equal to zero since the two cylinders carry equal and oppo- 
site charge. Hence, £==0 

Again, for r < a, the Gaussian surface does not enclose any 
charge. Hence E— 0. 

(6) Between the cylinders, we have a < r < b. Desctibe a Gaussian 
surface in the form of a right cylinder of radius r and length L 
Coaxial with the given cylinders. Then the charge enclosed by the 
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Gaussian surface is XL and the curved surface through which E is 
projected outward and is normal to the surface has area A—2nrL. 
The ends of the cylinder do not contribute to the field intensity. By 
Gauss’ theorem 


(t 0 E) (2*rL) = AL 


or 



28 . 18 . £= 

Electric force acting on the positron 


F—Ee— 


Xe 

2 ne B r 


Equating the electric force to the centripetal force 
Xe _ mi’ 1 
2xe 0 r r 

Whence, the kinetic energy of positron 




Xe 

4ltE„ 


— (9x 10® nt-mVcoul 2 ) (3x 10 • coul/meter) 

(1.6x 10~ l ® coul) 


=432 X 10 19 joules 

=(432 X 10 _1 ® joules)/( 1.6 x 10 -1 ® joules/ev)=270 ev. 


28.19. (a) Describe a Gaussian surtace in the form of a right 
cylinder of radius r and length b. The area of the curved surface 
which alone contributes to the field intensity is given by A = 2nrh. 
I'he net charge enclosed by the Gaussian surface is —2q-\-q or — q. 
By Gauss's law 

(e 0 E) (2 nrb)~ —q 

whence 

E— — — 

2*t„ br 

The negative sign shows that E is directed inward. 

(b) A charge —q will be distributed on the inside surface of the 
shell and a charge — q will reside on the outside surface. 

(c) Between the cylinder:., the Gaussian surface (again cylindrical 
in shape) will enclose a net charge +q so that 

£• — 2 

br 

The field being radially outward 
Assumption-, made arc 

(i) The cslipder is sufficiently long so that only radial component 
jf the tield exists. 
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07) Fringing field near the ends of the cylinder is not present. 
(Hi) The charge is uniformly distributed. 

28.20. (a) Construct a Gaussian surface in the form of a sphere of 
radius r, concentric with the spherical shells. Since no charge 
is enclosed by the Gaussian surface with r < a, £—0. 

(b) Here the net charge enclosed by the Gaussian surface is qa. 
As £ is normal to the spherical surface by Gauss’s law 

U«£) (4rcr 2 )=<7u or £= - 

4ne,,r 2 



Ki* 28.20 (a) Fl« 28 20 (h) 

(<•) Here the net charge enclosed by the Gaussian surface is 
( h ! (/;>, and £ is normal to the spherical surface. By Gauss’s law 

('« £) (4rtr*) q a r qb. or E— ? ‘ — —/ 

4ne„ r 2 



Fin 28 2d (ci 
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28.21. For the conducting sheet the field i gi\en 

The electric force acting on the sphere is 
^0 

The sphere is held in equilibrium uncle/ the j*»int 
action of three force: w; weight mg acting d--\sn. 
(ir) electric fo«ee F acting hon/ontallv. ami 
(iir) tension in the thread acting at an angle «• a ah 
the vertical. 

We have from Fig. 2S 21 

F 

— tan •* ...(*) 

mg 


‘•I 


(T 



Using (2) and (3> 

r . a mg tan »> 


t8.9 IfT'-couF nt-m-M I n in Hj » 9.8 m V) tan 30 # 
IJ.n* in * eoul l 
2.5 v in"* coni 'nicer-. 


28.22. E=-n'z. 

Fora sphere a «/'Jrcr r . sine- lie surface erea of i sphere is 4nr-. 

• f _ 9 

4ne,r s 


28.23. The ^ particle-, is at a i!- , i:ue» "R I'phi Mu eeMer of 
the gold nucleus of radius R ( • to »' m i r. 1 .>n ui ring 

a.particlc to be a point charge. V e i 1- .trie force i-, 

Z x Z t , i 
~4r.t. r : 

where Z x v and Z, jrc the charge % 'lie /-p ncie.:i ■. gold 

nucleus respcctivelv. 

(2x l.fiy 10"** . o-.il i <7U ' I ft !•< '• .. tj' • •# • .Cl' r,: . i< 

F ~ <2 6.9 > |ir“ metei 

■» 191 nt. 


Acceleration, 



191 ni 

' 6!7xl0-’ kg 


2.85 x 10** meter, sei* 


28.24. to I Consider \ cm* of face area. Thn the v.lun,. of the 
gold foil. J y I0“* cm thick, is 

i - 3 X 10"* cm X I cm / I cm - 3 1 in 4 end 
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Number of gold nuclei per cm 8 is 



where N, is the Avogadro’s number, p the density and A the 
atomic weight of the material. 

N=( 6x 10 28 atoms/gm atom) (19.3 gm/cm 8 )/197 
=5.88 x 10 22 atoms/cm 8 

Number of gold atoms in volume v is 

w = Wv=(5.88 x 10 28 aiawis/cm 8 ) (3 X 10“‘ cm 8 ) 

= 1.76x10“ 

If o is the area of each gold nucleus, then the total area arising 
from n nuclei is 


If R is the radius of gold nucleus, then 

a=*/{ 2 =*( 6.9 X 10" 18 cm) 2 -- 1.5 X 10 -24 cm- 
S- (1.76 \ 10 18 ) (1.5 x 10" 24 cm 2 )=2.6x I0~ 6 cm 2 
Fraction of surface area “blocked out” by gold nuclei 
2.6 x 10~ # cm 2 


1 0 cm 2 


= 2.6xl0"« 


(b) Volume occupied by each gold nucleus 

V- -J- yw(6.9 x 10 12 cm) 8 = 1.38 X 10 -30 cm 3 

Volume occupied by .V nuclei per cm* of foil is 

Nv— (5.88 x 10 22 atoms/cm 8 ) (1.38 x 10~ 84 cm 3 ) 

= 8.1 XlO -14 cm 3 


Fraction of volume of the foil occupied by the nuclei is 
S.lxio-cm* u 

1 .0 cm* 

(c) Rest of the space N filled with electrons. But, a major part of 
the space remains empt\ . 

28 . 25 . (ti) The flux is completely determined f>\ the .t-component 
of the field as f;,= 0. 

In*flux. On, a-Fi~it~b V a- 

Out-flux. o„..« - u l b \/2 a ' - ^ 

Net outward flux. 6 -i 

\2 ha" l '--l>a il: 

- (V 2-1) Art 8 '- 
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=( V 2—1) (800 nt/coul*m^) (0.1 meter) 4 ' 4 
= 1.05 nt-meter 2 /coul 

( 6 ) ‘ q=t e 4> 

=(8:9 x 10" ls coul 2 /nt-m 2 ) (1.05 nt-m 2 /couI) 
=9.3 X 10~ 12 coul 


SUPPLEMENTARY PROBLEMS 


S.28.1. Consider a cube of side a- 
charge q, the upper and lower 
surfaces of the cube being at 
300 meter and 200 meter 
altitude. 

By Gauss theorem the flux 
is given by 

~ =1 E.rfS 


100 meter which encloses a 


E - 


The flux can be written as 
the sum of six terms; (a) 
integral over the bottom sur- 



Fig S.28.1 


face (6) integral over the top surface and (c) integral over the four 
vertical faces. 


*e=J Ej.dS+J E a .dS+4 | E.dS 

(a) ( b ) (c) 

In (a), E and dS point in the same direction so that the angle 0 
between these to vectors is zero. 

J E x .dS= J E x cos 0° dS=E x j dS=E x S 
(<*> 

where S=a 2 , is the area of the face. 

In (6), E, and dS point in the opposite direction so that 0=180°. 
j E,.</!S= | E a cos 180°JS=-E 2 | dS= -EiS 

(i) 

In (c), E and dS point at right angles so that 0=90°. For each 
vertical face. 
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q=to (Z^ — £ 2 ) a - 

— (8.85x I0 -1 - coul 2 /r.t-m 2 ) ( 100 V< ---— — 60 V - -— VlQ® meter) 8 

\ meter m etcr ) 

— 3.54 x 10~ 6 coul. 


S.28.2. Electric field extends from higher potential to a lower one. 
In order that the electric field may have constant direction the 
charge in the region must be uniformly distributed in planes 
perpendicular to E. The fact that field is decreasing in strength in 
the direction of E implies that the charge is negative. 


S.28.3. Potential difference between the concentric spherical shells 
of radii a and b is 


V= — Q ( — — — 

4jce,, 'a b 


■ — ( — 6 x 10 8 coul 
1115 volt 


( 


9x 10® 


nt-m 2 

coul 2 


)(o. 


1 


1 


145 meter 0.207 meter. 


Kinetic energy gained by electron of charge e in falling through a 
potential difference of V volts is eV 

hmv i =eV 

/2ev_ 1(2) ( 1 .6 X 1CT 19 coul) (1115 volt) 

1 v w J (9.1 X 10~ 81 kg) 

= 1 .98 x 10 7 meter/sec. 


S.28.4. (a) The electric force between the two spheres would be as 
if the charge is concentrated at their centers. 

By Coulmb’s law 

F _ J_ <£ 

4n£„ R 2 

where R is the distance between the centers of the spheres. 

(b) If the charges are like, then force will be less than in (a) and 
for unlike charges the force will be greater than in (a). 

the two cases must be distinguished. 

(/) The two spheres have like charges. 

In this case owing to coulumb’s repulsion, the charges oc each 
sphere instead of remaining uniformly distributed with the center of 
charges coinciding with the centers of the spheres are now displaced 
towards the rear surfaces of the spheres, resulting in a greater value 
for R, the distance of separation of the centers of charges. This 
has the consequence of reducing the force. 

(i'O The* two spheres have unlike charges. 
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In this case the coulomb’s attraction causes the charges to be 
pulled towards the front surface of the spheres, leading to a reduc- 
tion in the effective value of R. This has the consequence of 
increasing the force. 


S.28.5. The field due to the point charge Q at the center at a 
distance r is 



The charge between the spheres of radii r and a is 

r r r 

q— Jp(4nr 2 ) dr— J ^-(4rcr 2 ) dr=4nA J rdr 
a a a 

— 2rcy4(r 2 — a 2 ) 


By Gauss theorem 

ejE.rfS^rcr 2 t„E t —q=2nA (r 2 — a 2 ) 

TOUI field, £ = £l+£l =JL + 

- A + fi~2w/4a a 
2e, 4 ke, r 2 


If E is to remain constant in the region, a < r < b, for any value 
of r, then the numerator of the second term of the right side in the 
above expression must vanish. 


Q—2nAa 2 —0 


Hence, 



S.28.6. (a) Consider a Gaussian surface o f radius r. 
By Gauss’ Theorem, 

E.dS=q, 


uriacc 

t 


ID. No 


E=«r 


q. 

4 rte, r* 


-(1) 


where ar is the unit vector pointing toward P from the center of 
the sphere, and q t is the total amount of charge within the Gaussian 
surface. 


For uniform charge density, p is constant and 

4 , 

?.= jw*P 
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Using (2) in (1) 

E= parr pr 
3 e„ 3 e„ 

( b ) The electric field at the center of the cavity due to the remain* 
ing portion of the sphere is 

5 e o 

where R is the radius of the cavity. The electric field due to a 
sphere of radius R corresponding to the volume of the cavity is 



Using superposition principle the electric field at any point with- 
in the cavity for uniform field is 

E=E 1 +E, 


— R) -f 





29 ELECTRIC POTENTIAL 


29.1. The field intensity, E= 


(1.0 X 10"’ coul/m*) 


or 


2c # ~ (2) (8.9 X 10" M coul*/nt-m*) 
=5-6x 10* nt/coul 

Let the equipotentials be As meters apart. As E is constant, 
E As=AK 

AK 5.0 volt 


As= 


E 5.6 X 10* nt/coul 
=0.89 mm. 


=0.89 Xl0~* meter 


29.2. (a) The potential Va at the point B is given by 

ra 

Va=V A -f Edr 

TA 

Setting r A — oo; V A =*0 ;r M —a 

Vb—Vo 


V a— Edr 

oo 

a R 

= - J^dr- ^ 

R oo 

For the first integral, we find E using Gauss’ theorem 
4 nr 2 tJZ—q' 

where q' is the charge enclosed within a radius r. Since q' is 
proportional to the volume we have 



r B r *9 V 

4*r»e.** 4 ut.R» 

The first integral is then evaluated as follows: 
a R 

f Edr— [ -SO* 1 (**-<**) 

”J Ed J 4 ntj* ~ 8 nt.R* 

R a 
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For the second integral. Gauss’ theorem gives 
4 rtr 2 t 0 E=q 


4 7se 0 r 2 


and the, integral becomes 
R R 


00 


Edr— 

-f 

q dr 


J 

4 nt a r 2 ~ 


00 


Va=T 

q 

-rJ R 2 —a‘ 

8 

ne 0 

R*\ 


4ne„ R 


(6) Yes. Actually, F=0 at oo. 
29.3. The potential is given by 



V= 

29.4. ( 0 ) 

/?= 

(b) 



4 R 


4ne. V 


4 ne tf R 8 ne 0 R * 


(0.1 meter) 


^3 R 2 -a 2 ) 


( 1 .5 X 10~ 8 coul) (9 X 10* nt-m a /coul 8 ) 
: (30 volt) 


q _ 

4 its„R 

q A R 
4 7t? 0 R 2 

4 * e * A V_F? 

q 

Clearly, A R depends on R. Hence surfaces whose potentials 


l\V= — 

or A R- — 

j, AR . 

differ by a constant amount are not evenly spaced. 


29.5. (a) (0 Let V—0 at distance x from +q, between the charges, 
then, 

h =0 

4nc e x 4 ncg(d-x) 

d—x— 3x=0 


'J 


d 100 cm .. 
x— ~r = — =25 cm 

4 4 


(/») Le 


=0 at distance x from +9 outside the charges. Then 

4 lA 


4iw*x 4«e # (d-f-x) 
d+x-3x=0 
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or 


d_ 

2 


100 cm 


— 50 cm. 


(b) Let E— 0 at distance x from +q outside the charges. Then 

2 __ h =0 

4rce <( x* 4 itE„ (d+x) 2 

(d+x) 2 — 3 x*--0 

or 2x 2 — 2dx—d 2 =0 

Set d= 1.0 meter. Then 

2x 2 — 2x — 1 — 0 

1 + ^3 , „ , 

x= — ^ — = 1-37 meter=137 cm. 

Between the charges E cannot be zero since the forces due to +q 
and — 3q would act in the same direction. 


29.6. 



29.7. 


K„= -i 



Vb=- 

V A —V B — 


4 ne„a 4ne 0 (a+d) 4 nc t a(a+d) 
9 . 9 yd 


4 «e„ a 4 Jte 0 (a+d) 

' qd —qd 


4 Tee, a(a+d ) 




4 ne 0 a(a+u) 4 tce 0 a(a+d) 2 ne„ a(a+d ) 

When d—0, A and B coincide and therefore, Va—Vb^Va—Va—O, 
which is the expected result. Also, when ^=0, Va=Vb=0. 

Hence, Va—Vb—0 is again an expected result. 

9 


29.8. (a) Va 
Vb= 


4 ntjA 

9 

4 n * jtb 
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where ta and jb are respectively distances of A and B from q. 

Va-Vb= ) 

4 we 0 V rB ) 

=(9X 10* n.-mVcoul'Hl.Ox I0"*coul) (, ;# ^ 

= —4500 volts 

(b) Va—Vb— .—( — - - 1 - W - 4500 volts 
v 4ne„ \rA rB ) 


29.9. The center of negative charge lies at O , the oxygen nucleus. 


On the other hand the center of 

positive charge of the hydrogen O 

atoms lies at P, midway between 

the two protons. The distance of 

separation of the center of posi- °i 52 ° \ 

tive charge and center of negative / P, \ 

charge denoted by a can be calcu- 1 * 

lated from ^the triangle OPH ' H 

h=(OH) cos 52° Fi * 29 9 


=(0.96x 10 _1 * meter) (0.616)=0.59 X 10" 1 * meter 

Dipole moment arises due to the separation of -f 2e and —2e 
charges of hydrogen atoms by distance a. 

Dipole foment p —( 2 e ) (a) 

=2 (1.6 X 10~ w coul) (0.59 X 10 -1 * meter)=1.9x 10”** coul-meter. 

This value is to be compared with the figure of 0.6 x 10"** coul- 
meter quoted in the text which is lower but correct. The discrepency 
is to be attributed to the oversimplified model. 


29.10. Potential at P is given by the sum of potentials due to the 


charges 

tively. 

+q, +q and — q 

at distance 

(r— a), r and (r-f-a) respec- 


y — *7 

_L - q - _ 

<7 


4 ne., (r— a) 

~4«e a r 

4 ne/r+o) 

• 

• • 

4#e 0 V r ^ 

2qa \ 

r*—<p } 


Since 

r > a, r J — a*— r* 



• 

v-‘ U+ 

4 ««, \ r 

2qa\ 

■75'j 



Right hand side is nothing but the potential arising due to an 
isolated charge plus a dipole at distance r. 
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29.11. Energy released is 

K=qV ={ 30 coul) HO 9 volts) 

=3 X 10 1# joules 

=(3 X 10 10 joules)/(4. 1 8 joules/cal) 

= 7.2 x 10* eal 

Heat required to melt m gms of ice at 0° C is mL, where L is the 
latent heat of ice. 

mL—1.2x 10* cal 


m= 


7,2x 10* ca l 
80 cal/gm 


=9x 10 7 


gm 


=9x 10 4 kg= 


9 x 10 4 kg 
10 s kg/ton 


=90 tons. 


29.12. ( a ) The electric potential is 

_ <7 _ (9x 10* nt-m*/coul 2 ) (1.6X 10 19 coul ) 

47C6„r ~ (5.3 X 10” 11 meter) 

=27.1 volts 

(6) The electric potential energy of the atom, is 
*/=— 27.1 eV 

(e) Equating centripetal force to the electrostatic force 

mi’ 1 c* 

r ~ 47te^r^ 

or mi> 2 = — =27.1 ev 

4r.t„r 


Kinetic energy =( mv 3 , * (27.1 ev) = 13.6ev 
((/) Total energy = kinetic energy + potential energy 
= 13.6 ev— 27.1 ev 
= — 13.5 ev 

Hence, energy required to ionize the hydrogen atom is 13.5 cv. 

29.13. The electric potential energy of the charge configuiation of 
the textbook Fig. 29.7 is 

i/ \ rfrtt-,1.* 9i9« , 9«9» , , 4W«"| 

a •/ 2a </ r a V2 a a J 
By Problem, </,= -fl.()x 10 -4 coul ; q 1 — — 2.0 x 10~ 4 coul; 

q%~+ 3. Ox 10‘ 4 coul; q A — -f2.ox 10"* coul ; 
a— 1.0 meter 


and 
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(9X 10® nt-m 2 /coul 2 ) f*,, w ^ ,(1)(3) 

(10 meter) L M ^2 

-HI) (2)4-(— 2) (3)+ ( - |y 2) -+(3) (2)]x 10-w 

= —6.4 X 10 -7 joules. 


29.14. (a) V — — .„(1) 

4 nt,r v 

q (9 X 10® nt-mVcoul*) (3 x l0 -e coul) 

r ~4m 9 V~ (500 volt) 

=54 meters 

( b ) Assuming that the drops are incompressible, the volume of 
new drop will be twice that of the small drop. 

4 4 

-y */? 3 = 2(y Jir a ) 

Radius of new drop, R — 2 11 * r. •••(2) 

The charge of the new drop, 

Q = 2q -( 3 ) 

The potential at the surface of new drop is 

v _ Q 2q 2*'V 

° 4 ■Kt„R 47»e 0 2 1 /*r 4rt« e r 

= 2*'*V ...(4) 

where we have used (1), (2) and (3). 

y„—2 2,a (500 volts) = 794 volts. 


29.15. (a) Total charge on earth’s surface 
q={—c) (4w 2 ) 

where — e is electron charge and r is earth’s radius. The poten- 
tial is 

p. q 4 nr a e ej_ 

4 nt 0 r 4jte„r e„ 

(1.6 X 10 _1 * coul) (6.4 x 10* meter) « , , r i 
«Txi0=B ccTuIVnT.m'ij = ~ 01 1 5 TO, ‘- 

(6) The electric field due to the earth just outside its surface is 
q __ 4nr*e e 

ac 4#* t r*~ 4st # r*** c # 

= — (1.6x 10“ 18 coul (8.9 x 10 -u coul»/nt-m*) 

= — 1 .8 x 10"* nt-m*/coul. 

The negative sign shows that the electric field points radially 
inward. 



Electric Potential 63 


29.16. Under the assumption of constant density the volume of 
each fragment is half of the U* 3 * nucleus. 

nr 3 = 4 (y*i? s ) 

. . Radius of each fragment, r—^ jy s = ?1 „ 

The distance between the centers of the fragments 

d~ 2r=2(8x 10 _1# meter)/2 1 '*= 1.27x 10 -14 meter 

Ze 

The charge on each fragment ia " 2 “ 

(a) Force acting on each fragment is 

( ZeP 

4ne„d 2 4 negd* 

(9 x 10® nt-m 2 /coul 2 ) (46 X 1 .6 x 10~ 19 coul) 2 
(1.27 X10" 14 meter) 2 

= 3020 nt. 

(b) Mutual electric potential energy of the two fragments is 

( Ze) 3 (9x 10 9 nt-m 2 /coul 2 ) (46 X 1.6 x 10~ 19 coul) 2 

— 4Tce £ //~~ ( 1. 27 x 10~ 14 meter) 

= 3.8 X 10 -11 joules. 

29.17. Potential difference between the plates 

Li V— EL = ( 1.92x1 0 6 nt/coul)(0.015 meter) 

= 2880 volts. 

29.18. (a) The potential at the point P on the ring of charge radius 
a can be computed from 
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where r is the distance of P from the differential element of 
charge. Since r*=a a +**. 




Where x is the distance of P from the center of the ring along the 
axis. 

(6) The field is given by 

F— 9 V d a 

dx dx 4 nt,Y X *+<P 

qx 

4ne,(x , +a i )* / * 


an expression which is in agreement with that obtained by dire, 
calculation of E in Example 5, Chapter 27. 


29.19. F^(Va*+r« -r) 

=-!-£( VS+7- -r) 

— s; 57 ('*** ) 


E ~£( 

expre 


i 


. 4 - ) 

i*+r*/ 


V a*-f/ 

(a) If r > a, expression (1) may be re-written as 


V •+* ) 

s[ -“-^ + >] 


.0 


gq* 

where we have expanded the radical by binomial theorem. Now, 
the total charge q is given by 

^®=o(«o*) 

.. ,, q 
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This is the expected result for the field of a point charge. This 
is reasonable since at longer distances the disk appears as a point. 

(6) If r—0, expression (1) reduces to 



This expression is identical with the field of a charged sheet 
of infinite extension. Very near the disk, the conditions of an 
extensive sheet are fulfilled. 

29.20. (a) For a dipole 

„ 1_ P cos 8 

4rte„ r* 

where p is the dipole moment. 

dV 0_ / 1_ P cos 9\ 

Er ~ d r~ dr l 4 TO ; ) 

=-4k pcose i r (*) 

__ p cos 8 

2ne 0 r 3 

( b ) Er is zero for 0—90° or 270°i 


29.21. Field on the surface of the sphere is 

_ _ q _ (4 X 10~ a c o ul)(9x lp^nt-mV coul 1 ) 

— 4*e„r a (0.1 meter) 2 

= 3.6x 10 # nt/coul 

This value exceeds the dielectric strength of 3x 10* volts/meter or 
3X 10* nt/coul. 

29.22. T'he field E at a distance y from an infinite line of charge 
density A is given by 



f 

1 


Fig. 29.22 
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The potential difference between points 1 and 2 is given by 

Pi Pi 


~c.r 


* lnfi = -*-ln-& 
2«e„ R t 2 «£„ R x 


where R x is the radius of the wire and R a the radius of the cylinder. 
Thus ’ - (2) 
Use (2) in (1) to get 

E= M — 

y\n(RjR x ) 

Set F=850 volts 

/?x= 0.0025 in 0.00635 cm 
R t ~ 1 .0 cm 


Then, E~ 


850 volts 


m M-° \ 

' ^0.00635 ) 


850 volts 168 
— - — 7T-7 \ — volt/meter 

y In 157.5 y 


(a) Electric field strength at the surface of the wire is 


w- 


168 volts 


= 2.6 x 1 0* volts/meter 


R x ~ 6.35 x 10"“ meter 

(b) Electric field strength at the surface of the cylinder is 




168 volts 

l.Ox 10“ a meter 


1.7 x 10 4 volts/meter 


29.23. (a) The charge is assumed to be located at the respective 
centers of the sphere. The point midway between the centers of the 
sphere is 1.0 meter from either center. The potentai at the mid 
point is 

V— — 1 — 

4re t 0 r x 4nc,,r, 

r x ~r 2 -r 0 


y -4* ^ <*+*> 


But 
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(9 X 10 8 nt-m*/coul l )(l X 10~ 8 coul — 3X 10~*coul) 
(1.0 meter) 


=—180 volts. 


( b ) The potential at the surface of sphere 1 is due. to its own 
charge q x plus that of q t of sphere 2 acting at distance r. 

y — i 9t 

" r 4ne„r 


=(9xl0 9 nt-m 2 /coul*) 
=2865 volts 


( L-® x 10~ 8 co ul _ 3 x 10~ 8 co ul \ 
\ 6.03 meter 2.0 meters / 


The potential at the surface of sphere 2 is due to its own charge q t 
plus that of qi of sphere 1 acting at distance r. 


<1* 


4jre./? 


<h 

4jc£ 0 r 


(n in) ,, — 3 X 10 8 coul , 1 X 10 *coul 

= (9 x 10®nt-m*/coul 3 ) i : + „ « — 

V 0.03 meter 2.0 meter 

= -8955 volts. 


29 . 24 . Let the total charge q=q x +q t --(l) 

After the spheres are connected the potentials of the two spheres 
are equal. 


Also, 


1 

4jS£„ 


J <?2_ 

R x ’ 4rr£ a R t 
q t R t 


...( 2 ) 

•••(3) 


where q x is the charge on the sphere of radius R x and q t is the 
charge on the sphere of radius R t . 


The surface charge densities for the spheres are given by 

= and 
4*/?,* 8 4ic/? a a 


a v 


(4) 


By Problem, R x — 1.0 cm ; R 2 = 2.0 cm and q~2.0x 10“ 7 coul. 
(a) Eliminate q a between (1) and (3), 

ft _*i 
q-<h Rt 

qi 1.0 cm 1_ 

(2X10“ 7 )-^ 1 “2.0 cm ~ 2 

whence q x — 6.7 X 10~ 8 coul (small sphere). 

Also, q t = 1 .3 X 10 -7 coul (large sphere). 
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\ 

(b) Using (4), 




6.7 x 10 8 coul 
47t(0.01 meter) 2 


=5.3 X 10 6 coul/m a (small sphere) 


1.3 x 10 7 co ul 
ffa 4*(0.02 meter) 2 


=2.6 x 10 5 coul/m 2 (large spheie) 


(c) Using (2), 

V—(9 x 10 9 nt-m 2 /coul 2 ) ) 

\ 0.01 meter / 

=6xi0 4 volts 


=60 kv. 


29.25. There will be a greater density of-charge in regions of large 
curvature and a lower charge density on surfaces of small curvature. 
Since the electric field intensity near a point charge is proportional 
to the charge, electric field will be largest near points where the 
charge density is greatest. Accordingly, lines of force may be drawn 
oy spacing them more closely in places the charge density is larger. 
As the surface of the conductor is an equipotential surface, the lines 
°f force are normal 4 to the surface. These are shown 'solid lines 
pointing inward in Fig. 29.25. The intersection of the equipotential 
surfaces, with the plane of figure shown as dashed lines are every 
where normal to the lines of force. 



29.26. Let the charges +q,-q and +q be at the vertices of an 
isosceles triangle of sides 2a, 2 a and a (Fig. 29.26). The potential 
energy of this configuration is 

1 T <7 


r* 


-S 


r* 
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-9 

* 

i \ 

' \ 

! \ 


\ 

\ 

\ 


2a i 


I 

L 


+ 9 


' 2o 
\ 

\ 

\ 

\ 

t 

\ 

\ 

--4 
+ 9 


Fig. 29.26 

29.27. The potential energy of the configuration taking charges in 
pairs, is 


U- 


4ne„\ a 
0.21<7 a 


V 2a 


A _q 


'*—+■- 


V 2a 


f‘) 


e„ O 


where potential energy at oo is taken as zero. This is the work re- 
quired to put the four charges together. 

29.28- When the a-particle just touches the surface of gold 
nucleus, the original kinetic energy is completely transformed into 
electric potential .energy. 

4rce« r 

Set <7i = 2e; 

^*=79e, where e is the proton charge, and 
r=5 x 10~ ,# meter 

(2x 1.6 x 10~ 1> coul)(79 x 1.6 x 10 _1 *coul)(9 x 10*nt-m*/coul*) 


U 


(5 x I0' u meter) 

=7.3 x 10 _M joules 

=(7.3 X 10'“ joules )/( 1 .6 x 10“ l * J 
=45.6 Mev 
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The a-particles used in the experiments of Rutherford stayec 
well outside the radius of gold nucleus. Rutherford could only pul 
an upper limit for the estimation of nuclear radius of gold nucleus 
since “anamolous scattering” did not show up with «-particles ol 
5 Mev energy. 

29.29. The potential gradient at distance r is given by 

q _ (79 X 1.6 X 10~ 19 coul)(9 X 10 9 nt-m a /coul a ) 

4nt 0 r * ( 1 0~ la meter)* 

=1.14 x 10 17 volts/meter 

The potential grdaient at the surface of gold nucleus of radius 
R= 5 X 10 -15 meter is 

g _ (79 x 1.6 X 10~ 19 coul)(9 X 19* nt-m* /coul*) 

4 jcc,/P (5X 10~ 18 meter)* 

=4.55 X 10 n volts/meter 


29.30. 


ft 

4ite„ R* 


p — ft 

• 4ne„ Rt 


Ei 


E, 


-ft W 
ft Ki 9 


But 


ft_— j* 

<Jt Pi 

Ei^R* 

E t R x 


29.31. (a) Energy acquired by an electron In falling through a 
potential difference of V volts is 

eV—\nvP 
Set v=c 

Th n v * m r 2 — * (9.1 x 10 -S1 kg)(3 x 10 s meter/sec)* 

inen, k 2 e c- 2 (1.6 x 10~ w coul) 

=2.6 x 10* volts 

(b) eV=K=mc * f v -1 ] 

LV^l-(v/c)* J 
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whence — = “=0.745 
c 4 

v=0.745 c=(0.745)(3x 10* meter/sec) 

=2.2 36 X 10* meter/sec. 

29.32. (0 r<Ri 

As no charge is enclosed inside the sphere of radius R u we 
conclude that E= 0. 


Due to smaller sphere, V, — - - - -- - 

4ne a R A 

and due to larger sphere, Ka= ~ 

(ii) Ri<r<R t 
Due to smaller sphere, 

4ne»r 


and due to larger sphere, V t - 


<1 1 



4n t 0 Rt 



Fig 29.32 (b) 


(Hi) r > /?, 


g i 

4 nt,r 


Due to smaller sphere, V t — 
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and due to larger sphere, 


V—Vj^+V,— 


1 

4J5C,, 


( 




dV= \ .( «1±3* \ 

dr 4ne„V r 2 ) 


Figure 29.32(b) shows that plots of E (r) and V ( r ) from r — 0 to 
r=4.0 meters for ^=0.5 meters, R t — 1.0 meter, q x =* +2.0 X 10“* 
coul and q t = + 1.0 x 10~® coul. 

29.33. Power delivered to the belt, 

P=rate of energy transfer 
=(g/unit time)(K) 

=(3x 10 -# coul/sec)(3 X 10® volts) 

=9000 watts 
=9.0 kilowatts. 


29.34. (a) K= 


4ne 0 r 


Set, 


q= 4ne„ r V 

r=1.0 meter and V= 1.0 X 10“® volts, 

(1.0 meter)(1.0xl0® volts) . , a , 

q ~ 7 o Z 77T» 2 1 m / =1-1 X 10 « coul 

(9x10* nt-m 2 /coul 2 ) 


For r— J.O cm= 1 .fax 10 2 meter, 

(1.0 XlO -2 meter)(l .Ox 10* volts) 


q= 


9x lO 9 nt— m 2 /coul 2 ) 


1.1 x 10 • coul 


(6) Owing to a larger value of E on the surface of a smaller 
sphere, charge would leak out rapidly. 


29.35. (o) Kinetic energy acquired by the a-particle is 

Km=qV= 2eF=(2)(1.6x 10' 1 * coul)(l.0X 10® volts) 
=3.2 x 1 O' 1 * joules 


(6) Kinetic energy acquired by the proton is 

K*=*qV=eV=( 1.6 X 10~“ coulXl.O X 10® volt) 
= 1.6x 10~ M joules 
(c) From (a) and (b) we find 
Kp \ MpVp* eV 1 
Km ~\Mmym % ~2eV ~ 2 
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That is, vp > va 

The proton has greater speed than a-particle. 


SUPPLEMENTARY PROBLEMS 


S.29.1. The charge on the surface of the conducting sphere of radius 
r is 

q—4 rV 

where V is the potential. 

q Ve 

Surface charge density, e=^-^ a * 

_ (200 volt) (8.9 X 10~ 12 c o ul 2 /nt-m 2 ) 

*“ (0.15 meter) 

= 1.2x 10“* coul/meter 2 


S.29.2. As the conducting spheres are far apart (10 meters), we can 
ignore the influence of one sphere on the other in altering the 
potential. The potential on individual spheres would be caused by 
the charge residing on a particular sphere. On the sphere with 
F= + 1500 volt, 


q= Vr 

(150 0 vol t) (0 : 15 meter) 
— (9x 10® nt-m 2 /coul 2 ) 

On the sphere with V— — 1500 volt, 
q—— 2.5X 10~ 8 coul. 


— 2.5 x 10'* coul. 


S.29.3. (a) If the spheres are connected by a conducting wire, 
charge will flow from the smaller sphere (higher potential) to the 
larger sphere (lower potential) until the spheres acquire the same 
common potential. Let charge q be transfered from the smaller to 
the larger sphere. The smaller sphere will now have final charge 
and the large sphere will have final charge q t —qo+<l, 
where q, is the initial charge on either sphere. 

Let the common potential be V. 

<h 9% 
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whence 


7= 


7. 

3' 


3 X 10~ a coul 
3 


= 1 .0 X 10"* coul. 


(b) The final charge on the smaller sphere is 

qi=q<>— 7*=(3x 10"*— 1 X 10'*) coul=2x 10"* coul. 
The final charge on the larger sphere is 

9j=<go+^=(3x 10"®-f 1 X 10"*) coul=4x 10"* coul 

The common potential finally reached is 


V= 


7 i 


4 ne 0 r l 

(9x 10* nt-m*/coul*) (2x 10~» coul) 
(0.06 meter) 


=3000 volts. 


S.29.4. Let the sides of the rectangle be a — 5 cm and d>==15 cm. 
(a) The electric potential at corner B is 

Vb =rr 3i — + • 


- 7 i , 7 « L (Zl i 7 «\ 

:e,U + 4 / 


J4ite„a 1 4*e 0 6 

=(9x 10*nt-ra*/coul 2 ) ^ — 
= -7.8X10* volt 


5 x 10"* coul 


+ 


2 x 1 0 * coul 


5 X 10"* meter 1 5 X 10~* meter) 


The electric potential at corner A is 


V A = 


?! 1 ( 7i . 7«\ 

4Tce 0 6 r 4 «e 0 a 4 rce„ \ b 'a ) 


=(9 x 10* nt-m* 



5x10 * coul 2x Jo * coul \ 
15x10"* meter 5x10"* meter/ 


=6X 10* volts. 

(6) AV—Va—Vb—6x. 10 4 volt— (—7.8 X 10* volt) 

=8.4 X 10* volt 


Work done, W—q t A^=(3x 10"* coul) (8.4 X 10* volt) 

=2.52 joules 

(c) External work is converted into electrostatic potential ’energy 
since positive charge is moving from lower to higher potential. 


S.29.5. Let the charges be qy q t , q t and q t each being equal to q. 
The distance between any pair of charges is the same being equal to 
a,. The potential energy for the given configuration is 


Set 

Then, 


U-- 


l 


4**« L 

7i ,= 7* == 7» 


fM. + 

a 

74 b =7 


7 i 7 » 


4 m f a 


a a a a J 
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$.29.6. The potential at A due to the charges at B and C is 

Va= — + ~ ) 

4 jr£ # \ a a ) 


_ 2 q 

4 we 9 a 

where a=l meter. Let the 
charges at B and C be fixed and 
the remaining one be moving 
from A to D. 

At the mid-point D of BC, 

Vd = 4n^{(o + y) 

= 4 g 
4 rce„ a 



1 meter 

Fig. S.29.6 


2q 2 q 


Potential difference, 

A V=Vd-Va= 


a a 4;t;e l> a 




Work done in taking the charge from A to D is 
W=q A K=(0.1 coul) (1.8 x 10* volt) 

= 1.8x 10® joules 

Energy supplied is 1 kW = 1000 watts=1000 joules/sec. 
Time taken to move the charge from A to D is 


t— 


work done 


rate of supply of energy 
.8x10® Joules 


1000 joules/sec 
=50 hours. 


= 1.8 X 10® sec 


S.29.7. Suppose the density of lines of force increases in the trans- 
verse direction i.e. upward (along j-axis) in Fig. S 29.7. Consider a 
closed path in the form of the rectangle ABCD. Let the density of 
lines along BC be o x and that along AD be <r t . The electric intensity 

along BC will then be E i=- i - and that along AD will be E t = — . 

S # 

The potential difference between B and C is VBC—E x d— a ~~ , where 

d is the distance BC. Similarly, the potential difference between D 

o+d 

and A is Vda^—EjI— — — . Let us take a test charge q along 

* m 
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the indicated path. Along AB and CD no work is done as the paths 
lie on equipotential surfaces. Work done in moving the charge from 
B to C is 

WBc=qVBC—^-^— . 



Similarly, work done in taking the charge from D to A is 

WDA = qVDA=~ 


Therefore, the work done in the round trip ABCDA, is 

C 0 £0 £ 0 

But a 1 > <t 2 , by our postulate. Hence, However, because 

of the conservative character of the field W should be zero. We, 
therefore, conclude that our assumption is wrong. Thus, the density 
of lines at right angles to the lines of force cannot change foj/ an 
electric field in which all the lines of force are striaght parallel lines. 


S.29.8. Electric field near a long line of positive charge is 

* A 

2 ne a r 

The potential at a point P at distance r x is given by 

V= ( Edr = — - f ~ ~ In r 2 + C 
J 2 ntj Jr 2 7ie„ 

where C is a constant of integration. 

The potential with the origin O is given by 

K -= ST “ +c 


-d) 


...( 2 ) 


•••(3) 


The absolute potential V v at any field point P is given by the 
potential difference between P due to positive charge and the 
origin O at zero potential. Subtracting (2) from (3), 


=V.-V- 


h a 
2 nt, n r. 


(4) 
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The superscript refers to the positive line of charge. Similarly, for 
the line of negative charge 


Vf= 


( -A) 

2 7te<, 



...(5) 


where r 8 is the distance of P from the negative line of charge. 
The net potential at the field point P is given by the algebraic sum 
of the two potentials, Vv + and V P ~. Hence, 

Vp=V + p+V~v= .— In ~ ...(6) 

2 TtEp r x 

Since A and e„ are constants, we obtain the equation of an 
equipotential surface by assigning some value to Vv, either positive 
or negative. 


Re-writing (6), we get. 


JtE, 


V v 


...(7) 


where C is a constant for any fixed value of Vv- Now, the locus of 
points with a constant ratio of the distances to two lines is an 
equation to a cylinder. We, therefore, conclude that the equipoten* 
tial surfaces in this field are a series of cylinders along each line of 
charge However, the cylinders are not concentric. Further, an 
equal negative potential Vv gives rise to a cylinder of the same 
size but surrounding the negative rather than positive line of charge. 
Fig. S.29.8 shows some of the equipotential surfaces in the xy 
plane. 



S.29.9. In the circular orbit of radius r 
Ki=± mv’j and the potential energy C/, = — 
total energy is 


lf the kinetic energy is 
— ^ Hence, 


4n «, r, ' 


the 


E^Kx+Ut^ mv\— 


0<L 

4 m, r x 


.»(!) 
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As the centripetal force is provided by the coulomb force, we 

have 

rw t i_ Qq 

r-i 4 ncg 

mv ‘'= 4 Stt, - <2) 

Using (2) in (I), and simplifying, 

E _ Qi Q± = L_fi? ...(3) 

1 8ne 0 rj 4we 0 r x 8«e e r x 
Similarly, for the circular orbit of radius r„ we have 

p ^ _ 1 6? 

* 8 Tce„ r. 

The work IF that must be done by an external agent on the second 

particle in order to increase the radius of the circular orbit from 
r t to r t is 


W=E % -E^ 


(-- 1 ) 

\r i n ) 


S.29.10. Loss of potential energy in moving from r x to r* is 

AU= SL( 1 - 1 \- V t'.-rO 

^ 4*t 0 V ' , r*y 4ne. V r, r, / 

•V 

Gain in kinetic energy is 

AK—fanv 2 

Gain in kinetic energy=Loss in potential energy 
AK=AU 
i Q 2 


(r,-r t ) 


[ ( 2)(9 X 10 9 nt-m 2 /coul*)( 3.1 X 10~ 8 coui )®(25 X 10~ 4 m- 9 xl 0 ~ 4 m) 
V ( 2 x 10 _c kg)( 9 x 10~ 4 meter] (25 X 10~ 4 meter) 


=2.48 X 10* meter/sec 


S.29.11. (n) As both, the projected particle and the nucleus, are 
positively charged, the electrical forces are repulsive. If the aim is 
perfect then the particle will proceed head-*>n towards the nucleus. 
As it does so it loses kinetic energy and gains potential energy. 
Distance of closest approach corresponds to the situation where 
the particle momentarily comes to stop. In that case the initial 
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kinetic energy is completely transformed into coulomb potential 
energy. When the particle has initial kinetic energy, its potential 
energy is zero as the particle is at infinity. Conservation of energy 
demands that 


K _ qQ 

4*c.r. 


•••(I) 


where r , is the distance of closest approach. 

r = B. Q 

0 4 ice, A" 

(b) This is the case of glancing collision. Nowhere does the kinetic 
energy vanish. Let v be the speed of the particle at P, the distance 
of closest approach at P from the center 
of the nucleus being R. Conservation of 
energy implies that 

" Q ...( 2 ) 


K=\ntv i -\--. _ 

4 «e,/? 

But by Problem, R—lr , ...(3) 

Combining (1), (2) and (3), we get 
K 


Fig S. 29.11 


whence 




S.29.12. Field strength— 


potential difference 
distance moved 



410 


45 



J U. 

0 42 


44 


46 X ' 


(meters) 


Fig. S.29.12 
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The minus sign is used in thd above definition so that E is 
positive when AV/As is negative. 

Formula (1) is used to find E cenetered around various intervals 
of distance. The calculated fields are plotted in Fig S.29.12 as 
a histogram. 

S.29.13. (a) Consider a differential element ds of the segment at 
distance s from the end closer to P. The charge associated with the 


element ds is dq=\ ds 
The differential potential at P due to 
the charge element dq is 

dv== dq __Vfe 

4ne 0 (y+.r) 4ixe 0 (y+s) 
where use has been made of (1). 

The potential at P is obtained 
by integrating (2). 

v= \ d '' = L\ryis) 


i ——p 


= 4 ««.[ (>+«-'" y] 

F = _ 8 Z=:ZA (-W) - \ 

y dy 4ne 0 l+L/y 4ne a 

=0 

dy 


Fig S.29.J3 


\L 

yiy+L) 


S.29.14. (a) Consider an element of length dx at distance x from 0, 
along the length of rod. The charge in dx is 

dq=hdx=kxdx --(l) 

— ^T~= •••(2) 

4««. Vy s +x* 
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The potential at P is given by 

L 

y— [ Jl K f ... x < ? x 

J 4tc6 # Jyi+x 1 4ne„ J Vy 2 +x a 

Set z*=y a +x 8 and zdz=xdx in (3) 

v _ k f z A z 

4«e, J z 

L 

Vx 2 +y 2 ^ I *[Vz>~+.v» -y} <A. 

4*6,, 4*e a j ' 4*e 0 ~ ' 

0 

Allter 

dE % =dE cos 6 -(5) 




y 

and cos0=-r=^_ 

yyp+x? 

Using (1), (6) and (7) in (5) 


dE,= 


kyxdx 

4*«. 


...( 7 ) 



82 Solu. 'ons to H and R Physics — II 


Integrating, 

E y = J dE y - 

Set y i +x*=z i 

xdx—zdz 


ky f xdx 

4nt e J (>> s -f-x 2 )* /2 


Ey- 


ky f zdz _ _ ky 1 

~ J z, ” 


4716. 


ky 1 

47te, jyi -f x 2 


4ne fl z I 

i *jt ? i 

r 47 tc. lv’l 2 +> 2 


(c) K involves y alone. 



30 CAPACITORS AND DIELECTRICS 


30.1. (a) The equivalent capacitance of two capacitors in series is 
given b, 


C= 


CiC 3 _(2 X 10~®/)(8 X 1CT* f) 
Cj+C, (2X IQ' 8 /+8x 10~« ff 


1.6 x JO -6 / 


The magnitude q of the charge on 
each plate must be the same. 
q=CV=( 1.6 X 10~ 8 f )(300V) 

—4.8 x 10 _4 coul. 

The potential difference across 2 p f 
capacitor is 

V\—qlC\={4.% X !0i^coul)/(2 X 10”® f) 

— 240 volt 


C|-2yut C 2 = 8yu t 



Fi K 30 1 


The potential difference across 8 /if capacitor is 

V 2 ~q/C i --(4.% X 10' 4 coul/(8 X 10~ 4 f)=60 volt 


(b) Total charge, Q^q+q^lq-^lxAS x 10" 4 coul 
=9.6 x 10~ 4 coul 

^The equivalent capacitance of the capacitors in parallel is gi\. n 

C == Ci + C 4 = 2fyf + 8 *uf -- 1 0 /if- 10 _5 f 
The potential difference for each is 

V—QIC— 9.6 X 10 -4 coul/10 -5 f 96 volts. 


The charge on 2 (if capacitor is 

<?i ~C x V—(2 x 1CT 8 f >(96 10 = 1.9x10 4 oul 


The charge on 8 /if capacitor is 

<7 2 =C,K=--(8x 1(T 8 0(96 D--7.7 x 10 

r c) The charge is neutralized. 

^■= 71=0 

Also, v x - F,=0 


30.2. 


The potential is given by 


V 


Q 

4nc,i? 
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Capacity of earth is 

Q 6.4x10* meter 

C=y-4*eoR- 9 x 10# nt . m a/ cou i2 

=711 X 10 _6 f=711 


30.3. Cx is charged and then connected to C a by closing switch 
The measured potential difference drops from V 0 to V. 

v Q+c, 

. r C X (V,-V) ( f (50 volt-35 volt) 
whence, C t — p = (100 upf) 35"voit" 


=43 pt/xf 

30.4. Textbook Eq. 30 7 is C= 


q z 0 A 


M=[C] 


[L\_[C\ 

jZ 2 ]~[Zl 


MKS units of e 0 are farad/meter. 

3 u t Earad coul _ coul 

Meter (voltj(mcter) (joule/coui)(meter) 

coul 2 coul* 

joul-metcr nt-meter 2 

30.5. The capacity of upper capacitor 
is given by 

<» — 

and that of lower one is given by f ^ 

C '=T, -® 1 L 

For the series combi nation of i 

capacitors, the equivalent capacitance j 

is given by j ^ 

C— .. (3) ! ^ 

C,+C t {J) | 

Using (1) and (2) in (3) we find, l — 

r- .ind 

d i+d t 

But, d^df—a—b 



Fig. 30.5 



/I 

L ~a-b' 
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30.6. Since the effective area of the capacitor is that of interleaved 
portion of the plates only, the maximum effective area of each 
plate will be A. The neighbouring plates constitute a parallel-plate 

E A 

capacitor of capacitance, C w =-^ > an( * as ^ n ~ ^ P* atcs ' n parallel 

make up the variable capacitor the capacitor has the maximum 

„ (n—\)e 0 A 
capacitance, C— 

30.7. The outer spherical plate is invariably grounded and contact 
is made with the inner plate through a small hole in the outer one 



Q (b -a) 
4 tc z t ,ab 


whence. C= 

V b — o 

30.8. Imagine that the capacitor i-, divided into differential strips 
which are practically parallel. Consider a strip at distance jc 
(Fig. 30.8) of length a perpendiculur to the plane of paper and of 
width dx in the plane of paper, the area of the strip being dA=adx. 
At the distance x, the separation of the plates is seen to be 

D=d+xQ 


The capacitance due to the differential strin 


dC» 


t,A t,adx 
D ~d+x9 


facing each plate ia 
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Fig. 30.8 


The capacitance is given by 


a a 



30.9. (a) For the two concentric spherical shells of radii a and b, 
the capacitance is 

ab 

C==4 * e °6^o 

If baa, than ab e*a* and b—a—d 
C=4nc c = 4 — 

where we have set A=4n<P, the surface area of the sphere. 
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30 . 10 . Capacitance of the parallel-plate capacitor is 
t„A^ c 0 (nr*) 

C ~ d ~ d 

Charge, Q=CV= - ^ nr J )V 

_ (8.9 X 10~ 12 coulVnt. m 2 ) ( 0.08 meter) 2 (100 volt)tc 
(l.O^i'10 -8 meter) 

= 1 .8 x 10 -8 coul 


30.11. As C x and C t are in parallel, their equivalent is C t f C t . Now 
C 3 is in series with Ci+C t . Hence, the equivalent capacitance of 
the combination is given by 

Jl = __L_ + _L 

C Ci+C/ C 3 


C 3 (Ct+C 2 ) 

Ci+C 3 +C- t 


(4 /if) (10 nf+5 Mf) 
° — (10 /if +5 /if +4 /if) 


=3.16 /if 


30.12. (6) The charge on C 8 is equal to that across the combination 
of Ci and C t in parallel. 

C 3 Kj=(C 1 +C,)F 1 

where F„ and V Y arc the corresponding potential difference. 

y _(CH C,) Ft J lOMf+5 /*f)Fi_ 15 _ y (1) 

* C 3 4 /if 4 1 

Also, Vi+V a = 100. ...(2) 

Solving (1) and (2), 

F 1 =21 volts. 

When the capacitor C 3 breaks down, the voltage across be- 
comes 100 volts' Hence, change in potential difference is 

AF=(100-21)=79 volts. 

(a) Change in charge is 

AQi=C t AV' 

=(i0xl0-*f) (79 volts) 

=7.9 X 10~ 4 coul 


30.13. Let the effective capacitance between points x and y be C: 
Apply a potential difference V between x and y and let the effective 
capacitance be charged to q. Let the charge across C x and C, be q x 
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and q t respectively. The charges across various capacitors are 
shown in Fig. 30.13. 



Fig. 30.13 


The potential drop across C 1 plus that across C 5] must be equal to 
the potential drop across C 4 plus that across C 8 .j 


Vi+Vs~Va+V 9 =V 
. <7i , 9-<?i , <i-<h+qt v 

• - 7T “T = >-r -p ^ = r 

Ci Cj C 4 Cg 

But,' by Problem, C 1 =C S =C 4 =C 6 
Multiply (1) through by C x to get 
2q-%q^C x V 
2q 2 ^ 1 + 9 j =C 1 K 
Add (2) and (3) to find 

2q=2C x V or C =^ =C 1 =4.0 p{ 


• ••( 1 ) 

...( 2 ) 

...(3) 


30.14. («) Five 2.5 pi capacitors in 
series would provide an equivalent 
capacitance of 0.4 >*f. At the same 
time each will be able to withstand 200 



volts without breakdown. Fig 30.4 (a). 

. ib) Three arrays, each consisting of 
five 2.0 pi capacitors in series give the 
equivalent capacitance of 1.2 pi. At 
the same time each will be able to with- 
stand 200 volts without breadown, Fig 30.14 (6). 



I — II — IHH 
HHHH 
HHHH 



Fig 30.14 


30.15. The equivalent capacitance of C x and C t in series Is 
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The equivalent capacitance of C 0 and C 3 in parallel is 

C=C 0 +C 3 = 

(10 /if) (5 /if) 

(10 (if 4- 5 /if) 

30.16. (a) The equivalent capacitance of C x and C 3 in series is 


-4 #*f =7.3 M f 


r _ C,C 3 (1 (if) (3 /if)--. , 

Cl3- c 1 +c 3 = (1 M f +3^n" u - /5 


Similarly, the equivalent capacitance of C 2 and C 4 in series is 
C 3 C 4 (2 /*f) (4 M f) 

c 3 +cy 


^2 

^ 84 — >r 


, = 1.33 /if 


(2 M f +4 M n 

The combination of C 13 and C 2 4 in parallel is 

C=C, S +C 34 — 0.75 /if+ 1.33 /tf— 2.08 /if 

Charge on the equivalent capacitor is 

q=CV—(2.0&x 10~® f) 1 12 volts)=25 x 10"® coul 


The charge on C x and C 3 will be equal and is 

< 7 i^< 7 3 =C 13 |/ = (0.75x 10' 6 f) (12 volt)-9x 10“« coul 

The charge on C t and C 4 will be equal and is 

x 10 -6 f) ( 12 volt)— 16x 10'® coul. 
(6) The equivalent of C x and C 3 in parallel is 
C 13 = C\ + C 3 = 1 uf4-2 /tf— 3 /if 
The equivalent of C 3 and C 4 in parallel is 
C 34 =C,-t-C 4 =3 (if+4 (if =7 M f. 

As C lt and C M are in series, the equivalent capacitor is given i>y 
r== C lt C u (3 /if) (7 /if ) 

C 13 +C m ~(3/*f+7/if) z -‘ IM ' 

The charge on the equivalent capacitor is 

Q—CV=(2.l x 10~* f) (12 volt) — 25.2 x 810 ® coul. 


The potential difference across C x or C 3 is 


v x =y t = 


Q 25.2 x 10 • (.oul 


C, t 3 x 10“** f 
The potential difference across C 3 or C 4 is 
Q 25.2 x IQ"* coul 


8.4 volt. 


^3=^4= >- = 


7 x 10'* f 


3.h volt. 


The charges are 

1 x 10-« f) (8.4 volt)*=8.4 x 10'* coul. 



90 Solutions to H and R Physics — 11 


Qi—C a Vi—(2 x 10~ 8 f) (8.4 volt) = 16.8 X 10"« coul 
Q 3 =±C a V 3 =(3 X 10~ 6 f) (3.6 volt)- 10.8 X 10~» coul 
&=C 4 r 4 =(4xlO- 6 f) (3.6 volt)- 14.4 x 10' 6 coul 


30.17. The given parallel plate capacitor is equivalent to a combina- 
tion of two parallel plate capacitors each of area J A and dielectrics 
K x and K 2 . The capacitance is then given by 


c=c,+c 2 - 


Kx e „ (| A) K 2 €„ (£ A) 
d + d 


— e °-~ (* *+* «) 


Limiting cases: 


(0 


(«) 


Kx=K t =K 
C— 


t 0 AK 


Kl = K^l (f or a i r ) 

r— £ ' - 

C — i • 


These are the expected results. 


30.18. The parallel-plate capacitor may be thought of as two capaci- 
tors with dielectrics K x and K 2 in series, their capacitance beirfg 
given by 


jn e o A K\ 

Cl ~ \d 


•d) 


c *“ ~ Td 

The combined capacitance is then given by 

s-< Cj 

Ci+C t 

Using (1) and (2) in (3) 

2^4 KJC. \ 

dKKt+K,) 

Limiting cases: 

(«) Kx^K a =K 


...( 2 ) 

...( 3 ) 
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(ii) *!=*,= 1 (for air' 
d 

These are the expected results. 

30.19. The parallel-plate capacitor may be thought of as an arrange- 
ment of two capacitators, one consisting of a dielectric K with 
thickness b and area A, and another with air gap (d—b) and area A. 
The combined capacitance is then given by 


^ 

Q-fCa 

• -(1) 

£ AK 

Cj= — (for the dielectric) 

...(2) 

C,= (for air) 

...(3) 


Using (2) and (3) in (1) 

r- Kt ' A 
Kd-b(K- 1) 

Setting A = 100 x 10 -1 meter 2 ; d~ 1 .0 x 10 -2 meter 
b— 0.5 x 10 2 meter, and K= 7.0 

(7) (8.9 x I0~ 12 coul 2 /nt-m 2 ) (100 X 10~« meter 2 ) 

(7) (1.0 X 10 2 meter)—' (0.5 x 10~ 2 meter)(7 — 1) 

— 15.6 x I0~ lz f 
= 15.6 pp f 

This is in agreement with the rounded off value 16 ppf obtained 
Example 5 of the textbook. 

When 6=0, C= e -^-, 

When K=\,C= e -*j- 

When 4 6=</,C=~~ 

These are the expected results. 

30.20. Before the slab is introduced the capacitance of the parallel- 
plate capacitor is given by the usual formula 
e t A 
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After the slab of copper is introduced, the original capacitor it 
reduced to two in series each having a gap of i (d—b). Each has 
capacitance 

S Q A 2 So A 


Ci=C 2 — 


l(d-b) d-b 


The combination of these two capacitors in series has the capaci- 
tance 

c “cr+cr £ r wi,lic ‘ =c - 

• C— c °--i 
d-hr 

30.21. For a parallel-plate capacitor of dielectric K . 

soAK 

C “ d 


Since e<» and A are constant it is sufficient to find the ratio Kjd in 
order to estimate the relative magnitudes of C. 

For mica, Kld~6/0A mm=60/mm 
For glass, AT/t/ =7/2.0 mm — 3.5/mm 
For paraffin, Kld=2l\0 mm=0.2/mm. 

Clearly, to obtain the largest capacitance, we must place the mica 
sheet. 


30.22. (d) Before the dielectric slab is introduced, the capacitance 



_ (8^9 x 1 0~ u cou P/ nt-m*)( 10~ 2 meter 2 ) _ 
(10~* meter) — ’ > 

= 8.9 

Thee capacitance with the slab in place is given by 
r= KtcA 

Kd—b(K — l) 

_ (7)(8,9X 10~ u coul > /nt-m 2 )(10~* meter*) 
(7)(10~* meter)— (0.5 X 10~ a meter)(7— 1) 

= 15.6x 10~ w f=15.6 ppf. 

(a) Charge on the capacitor before the slab is introduced 
G.=C.K=( 8.9 x 10“ u f )(100 volt) 

=8.9 X 10 -x * coul 
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Charge on the capacitor after the slab is introduced is 
0=CK=(15.6X 10" 12 f )(100V)=1.6x 10"® coul. 

(6) The electric field in the gap before the slab is introduced is 

F JQ. _ 8.9 X 10" l ° coul 

e 0 A (8.9 x 10" 12 coul 2 /nt-m 2 )( 1.0 xlO " 2 meter®) 

= 1 .Ox 10 4 volts/meter 

The electric field in the gap after the slab is introduced is 

, Q = 1 6 x 10~ 1B coul 

"~e 0 A «. (8.9 x 10" 12 coul 2 /nt-m®)(1.0 X 10"® meter 2 ) 

== 1 .8 x 10 4 volts/ meter. 

(c) The electric field in the slab is given by 

_ E 0 ' 1.8 X 1 0 4 volts/meter . 

E ~~K 7 — ~ 2 - 6 X volts/metcr. 


30.23. Assume K=5A for mica 
(b) The free charge on the plates is 

q—CV=(\00 X 10 -1 ® f )(50 volts)=5x 10"* coul 
(a) The electric field in the mica is 


£•= i 

K e 0 A 

_ 5 x 10~* coul 

(5.4)(8.9x 10" 1 ® coul®/nt-m®)(1.0x 10~® meter®) 


= 1.04 x 10 4 volts/meter, 
(c) The induced surface charge is 


q - q ( l ~i) 

=(5x 10"® coul) ( 
=4.1 X 10"* coul 



The induced charge of— 4.1x10"® coul appears next to the 
positive plate. 


30 . 24 * (a) Electric field £=- 


q 

Kt.A 
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Dielectric constant, 



(8.9x 10~ 7 coul) 

(8.9x 10~ 12 coul*/nt-m 2 )(1.4x 10® volts/meter)(1.0x 10“ 2 meter 2 ) 

=7.14 

(6) Magnitude of the charge induced on each dielectric surtace is 
?'=?( 1--^ )=(8.9X10 -7 coul)(l-~j 
—1.1 X 10 -7 coul. 

30.25. The capacitance of a parallel-plate capacitor is 

c=^4* -d) 

d 

Dielectric strength — 18 X 10® volts/meter. 

Electric field strength— 4000 volts/meter. 

Setting dielectric strength equal to the electric field strength, 
we Have 

strength we have, a i<-| St oto;BM 7r ~ a - a:< l0 ~‘ me, “ 

From (1) we have 

Ctf ^axlO^X 10~« f M2.22xl(r 4 meter) 

A ~\ a K ” (8.9X IO-«coui*/nt-m*)T2.'8) 

=0.62 meter 2 . 


30.26. The electric field for a cylinder capacitor is 


2 *e 0 /;v 

The energy density (energy/unit volume), 
u-K E l — ~ — s 


• ■( 1 ) 

( 2 ) 


where use has been made of (1). 

The energy stored between the coaxial cylinders of length and 
radius R and a is 


R 

U—l ud v J u (2 nr/) dr 

a 


- 12 ) 
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where dv=(2nr dr) /, is the volume element. 
Using (1) in (2) 


V- 


4k e 


* f d l_ = J? 

t,l J r 4k e. / n a 


Similarly, the energy stored between the coaxial cylinders oi 
radii b and a is 


U a = 


r 


. , In 

4* r / a 


U_ _ln R/a 
U„ In b/a 


o U , 

Sel 


Therefore,® 


In RJa^_\_ 
In b!a 2 


or 


and 


. b R . /?* 

In — ~2 In - =ln - 

a a a* 

b _R 2 

a u- 


or R~*fab 

30.27. Radius of the metal sphere r ~5cm=0.05 meter 
Electric field at the surface of the sphere is 

£•— i 

4tt e. r* 

The energy density at the surface is 

1 c> <T 

u -- -v-e, E-- . 

2 32n^ c, r* 

But, q-CV 

C— 4k c, r 
<7 = 4k c„ Vr 


1 e » V*_ *(8.9xiQ-» coul«/nt-m»)f 8000 volts)® 


(0.05 meter)* 


=0.114 joule/meter* 
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e. A 


30.28. (a) Capacity, C— 

a 

Initial potential difference, V x 


- *A. 


s. A 


New potential difference, 

q (2d) _ 2qd 
s, A c, A. 


Vr- 


-2V t 


(b) Initial stored energy 


v-=\ cy,'=r Hr 


Final stored energy 

1 .VP \ 


U,~j*..A~ d7 =f* BA 


(2v i y 

2d 


=2 Ut 


( c ) Work required to separate the plates 

e a AVi 1 


W=Uf-Ui=2Ui-Ux=Ui = 


2d 


30.29. The energy on the parallel-plate capacitor with plate separa- 
tion x is 


u = 1 f- * 1 +* 

2 C ! («. A/x) 2 e 0 A 

If the plate separation is increased to x+dx, then the energy 
becomes 


v '-HA {x+dx) ' 

Therefore, work to be done to increase the separation of plates 
through dx is 

W=Ut—Ui— \ q - d * —F dx 
2e 0 A 

.'. Fore ef=,-— . 

2 e„ A 


30.30. In textbook Example 5, A=l X 10"* meter 1 , rf=1.0xl0"* 
meter, b— 0.5 X 1 0 — * meter, K=1.0 and F„=100 volts 


For the air-gap energy density, uo= y e<> E»*— y «o 



Energy in the air gap, Uo***uo (\dA) 

where \dA is the volume corresponding to the air gap. 
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U o 


eo AV* 
Ad 


_ 1 (8.9 x 10~ u coul*/nt-m*)(l x 10~* metei^XlOO volts) 1 
4 (l.Ox 10~* meter) 


=2.2 x 10 -8 joule 

For the dielectric, energy density, u= 


K 


u o. 


Since volume is the same as that of air gap, 

Energy, tf= j- C/ 0 = 

(а) Percentage energy stored in the air gap is 

100tf o _ (100)(2.2xl0-« joules) , 

U+U 0 (0.3 x 10^ joule + 2.2 X 10'® joule) /o 

(б) Percentage energy stored in the slab is 

100 U_ (100)(0.3 X10“ 8 joule) n „, 

U+U 0 (0.3 x 10" 8 joule + 2.2 x 10"» joule) /o 


^ y- ^ (2.2 x 10~ 8 joules)=3 X 10 -8 joules 


30.31. ( a ) Energy stored is 

[/= |CF*=i(100xl0-“ 0(50 volts)* 

= I.25X 10~ 7 joule. 

(b) Energy density, u 0 — -j ) 

Since the gap d is not known, « 0 cannot be found out. 

30.32 (a) (/x=i C 1 F 1 2 =H2xlO'« f) (240 volt)*=5.8 x 10 _1 joule. 
C/,= £ C 2 V7 = i(8xl0~ # f ) (60 volt)*= 1.4 xl0~ 8 joule. 

( b ) C 1 F 1 *=i(2x 10 -8 f ) (96 volts) 8 =9.2xl0-» joule. 
l/,=i C B F t *=§(8 X 10~* f ) (96 volt) 2 =37XlO~ 8 joule. 

(c) As ^ = ^,=0, Ui=U t —0 

In (a) the capacitors are in series and the energy stored is 
maximum. In ( b ) the capacitors are in parallel and the energy 
stored is less. In (c) the charges are neutralized and no energy is 
stored in the capacitors. The energy is used up in heating up the 
connecting wires. 

30.33. The electric energy stored in the soap buble is 

U = l**-- q% - 
0 2 C “2 (4*.,*,) ~ 8 nt 0 R 0 
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where we have used the formula C—4 ite 0 R 0 for the capacitance of 
a spherical capacitor. 

Due to mutual repulsion of the charged surface, the radius 
increases to R leading to a decrease in energy. The new energy is 


8 rre 0 R 


.'. Decrease in energy, A U—U 0 —U~ 


8 ne 0 



or 


A V= 


£ (/?—/? o ) 

8 i?c 0 R 0 R 



Now, the work done in expanding the soap bubble at constant 
pressure p is 


A W^pdV 

where dV is the change in volume. 


dV= ~ nR» - i «/?o*= 


Equating, 


AU— A W 


fiR-RJ 

8 rce 0 R 0 R 


= y w (Rt-R^p 


Simplifying, we find 

q= [j-n' £o pR 0 R ( R°+R 0 R+ /?„»)] ' 

(8.9X 10- coul 2 /nt-m 2 ) (1.013X 10 5 nt/m 2 )(0.02 xn)x 


(0.021 m) | (0.02 m)*+(0.02 m)(0.021 m)+(0.021 m)’ 


=7.1 x 10 • coul. 


30 . 34 . The equivalent capacity of two capacitors in parallel is 
C=C X +C?.~2.0 /xf+/*.0 ftf=6.0 fif 
Total energy in the system is 

a=l CV*= J(6X10“« f) (300 volt) 2 =0.27 joule 

30.35 The equivalent capacity of n capacitors each of capacitance 
C 0 in parallel is 

C=nc„==(2000)(5.0xi0-»f)-0,01 f 
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Energy U=h CK*=* (0.01 f) (50,000 volt)*= 12.5x10* joule 
cost of charging is 2c/kW-hr, or 2c/3.6x 10 fl joule 

Cost for charging to the extent of 12.5x10* joule is 
(2c) (12.5 X 10® joule/3.6 x 10* joule) — 7 c. 


30.36. C x = 10 /if 
C a =5 /if 
C a =4 M f 
V= 100 volts 
The equivalent capaci- 
tance of the arrangement 
in which C, is in series 
with the combination of 
Cj and C 3 in parallel is 

si C a (C|-j-C a ) 

C'j+Ct+C, 

(4 /if)(10 /if r-5 /if) 
~(10 -if +5 /if-f 4 /if) 



=3.16 /if 


Fig. 30.36 




The total charge, ? =CF=(3.16x i0~* f) (100 volt) = 3.16 X 10"* 
coul. Charge across C 3 is q 3 — 3.2X 10~* coul. 
r (6) The potential difference across C, is 



?8_ 

C s 


3.1 6 X 10"« coul 
4: xlo "• f 


=79 volt. 


It follows that K x =F a =(100-79) volt=21 volt. 

(a) q x =C l r 1 =(10x 10~* f)(21 volt) =2. 1 x 10"* coul 
q.-CiV.^iS X 10-* f ) (21 volt)= 1.05 x 10"* coul 


<fo=3.2xl0 * coul 

(c) £/ x =j cw=i(10x 10“* f )(21)*— 2.2 X 10“ 3 joule 

£/,=* C a K a 3 =|(5x 10"* f )(21) 2 =l.l x 10~ 3 joule 
£/*=i C a K 8 a =^(4xlO-® f)(79) 2 = 1.25 Xl0"* joule 


30.37. C x = 10 /if 
/if 

C # =4 /tf 
K=100 volt 

The capacitor C 3 is in parallel to C x and 
C t in series. The equivalent capacitance is 

„ CiC* I f< (10/if (5 /if) 


Cx+Ca 


(10 /if 4- 5 /if) 


-4 /if 


=7.3 /*f. 

The total charge is 
q**CV=*{ 7.3 X 10"* f )( 100 volt) 
=7.3 x 10" 4 coul. 



Fig. 30.37 
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(a) 


(b) 


(c) 


q 3 —C t V—(4x 10~® f )(100 volt)=4X 10 -4 coul 
9i r =92=^-^3=(7.3x 10 _4 -4x 10 -4 ) coul 
=3.3 X 10“ 4 coul 


Vi = 


q t 3.3 X 10 -4 coul 


y _ Ql 


C 

q% 

< C t 


IOx 10 -4 f 

3.3 x 10 -4 coul 
5 X 10~ 4 f 


=33 volt 


— 67 volt 


K s = 100 volt 

= i C,F 1 *=i (IOx I0“*f ) (33 volt)*= 5.4 X10"» joule 
U 2 =i C a F s »=i (5xl0-«f)(67 volt)*= 1.1x10"* joule 
U 3 =i C 3 K 3 « = | (4x80“ 4 f ) (100 volt)*=2xl0-* joule. 


SUPPLEMENTARY PROBLEMS 


S.30.1. Capacitance is given by 

C= - q 
V 

F< r an isolated sphere of radius r, 

v^-r 3 - 

4 ne 0 r 
C=4 ne„r 

let (he spheres be oppositely charged. 

/i 

V+- 


4 r 

V~— — —— 

4 ne„r 

Potential difference for the system of two spheres 

y=y+-y-= ~S— 

2 rce 0 r 

The corresponding capacitance is then 
C ~ y~ = 2 «e 0 r= i-C. 

S.30.2. (a) Let Q=Qa+Q» ...(1) 

where the subscripts a and b refer to spheres of radii a and b, 
respectively. The charge will be shared in such a way that the 
spheres acquire common potential. 
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y Q a 

_ Q± 

•••(2) 

4*t 0 a 

4 we 0 b 

whence, bQ^aQ*. 


...(3) 

Solving (1) and (3), 





•••(3) 



...(4) 

(b) From (2) we have 



C«*4ite 0 Vb 


•(5) 

Qo— 4rtc 0 Va 


•••(6) 


Adding (5) and (6) 


C«+0*=(>=4n eo V ( a+b ) 
C— ~-=4nc 0 (a+b) 


S.30.3. Let q be the charge on each small drop of radius r. Then 
the potential of each small drop is 


4ne 0 r 


( 1 ) 


The charge on the large drop of radius R is, Q=Nq. 
The potential of the large drop is 
= Nq 


V o- 


( 2 ) 


Since the large as well as the small drop will have the same den- 
sity, the volume of the former must be N times as large as the 
volume of the latter. 


or 


y nr* 

r 1 


R~N l >* 

Dividing (2) by (1) 

V N R N'l* n 
where use has been made of (3). 


•••(3) 

•••( 4 ) 
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S.30.4. The charges on the two capacitors before and after the switch 
is closed are shown in Figures S.30.4 f a) and ( b ) respectively. As no 
charge flows through the capacitors, the charge on the plates must 
be the same before and after the switch is closed. 



Q\— Q2 ' 

9s — 92 



Further, in the absence of an emf, the voltage 
nation of the capacitors must be zero. 


SLiQLsIjL 

Cj C, +C 3 


-0 


across the combi- 


•••(3) 


Solving (1), (2) and (3 for q x ' . q 3 and q 3 ', we have 

q^' — Q\ 

c 1 c t +c,c,+c,c l 

a CaCs^t ~C 3 C t ^3 

Vs C 1 C 1 +C,C 3 +C 3 C 1 

1 (CgC; ~j~CaC|) q 3 C 3 C i<72 

?s ~ “c 1 c 1 +c 2 c 3 +c 1 c 1 


S.30.5. Let be the charge on C x 
when the switch is thrown to the 
left. 

9o=CjK 0 ...(1) 

When the switch is thrown to v o 
the right as in Fig. S.30.5 the ini- 
tial charge q 0 is shared among the 
capacitors such that 

?o= 4 t +q t -( 2 ) 

q t =q, ..(3) FH.SJ 0 5 
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Further, the potential difference across C\ is equal to that across 
the combination of C t and C s . 


*7i _Jh . <h 

Cx c, + c 3 


•••(4) 


Solving (2), (3) and (4) for q u q t and q 3 and using (1), 
. (C 2 +C 3 ) Q 


<h- 




CiC|+C J C 3 +C a Ci 

c t c s 


CxCj+C^+CaC, 


c iV 0 

C \V 0 


S.30.6. If the dielectric is present, Gauss’ law gives 

z<>jE.dS=q-q'=± ...( 1 ) 

where —q' is the induced surface charge, q the free charge, and K 
is the dielectric constant. Construct a Gaussian surface in the form 
of a coaxial cylinder of radius r and length /, closed by plane caps. 

Applying (1), 


e 0 E(2«r)(/)=-| ...(2) 

The surface contributing to the integral being only the curved 
surface, and not the end caps. From (2) we find. 




2 ne 0 rlK 


(3) 


The potential difference between the central rod and the surroun- 
ding tube is given by 


6 


V= 



E .dr 


=1 



q__ 

2 ne 0 IK 


dr 

r 


? ,b 

2 «e 0 IK a 

The capacitance is given by 

r _£ _ 2 etplK 

V ~ In (bid) 


S.30.7. (a) If A is the area of the plates and d the distance of sepa* 
ration, then the capacitance before the slab is inserted is found from 


C 0 — 


e 0 A t 0 (0.12 meter 1 ) 
d — 1.2 x 10"* meter 


10 c 0 farad 
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( d) 

E -Vjl 
E °~ d 

120 volt 

=10 4 volt/meter 

”~1.2x 10“* meter 

(e) 

l*j 

II 

10 4 volt/meter 
~ 4.8 

=2083 volt/meter 

(/) 

V=E 0 

MHO] 



=(10 4 voltfmeteiofo.On meter— 0.004 meterf 1 — rV 


)] 


=88.3 volt. 


< b ) 


C= 


g c 0 v 0 
v ~ v 


do « 0 ) 


(120 volt) 
(88.3 volt) 


= l3.6e 0 farad 


(c) Before the slab is inserted, 

<?=C 0 K 0 =(10 « 0 farad) (120 volt)=1200 « 0 coul. 

After the slab is inserted, 

9 '«CK=( 13.6 « 0 farad) (88.3 volt)=1200 * 0 coul. 

is) W~\ C,F 0 «-i CV\ 

(10« o farad) (120 volt)*-*(13.6 ^ farad)(88.3 volt)« 
■» 1.9 XlO 4 ^ joules. 
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31.1. (a) Charge flowing => (current) £time) 
q—it 

= (5 amp) (240 sec)= 1200 coul 
(6) Set q=ne, where c=l.6xl0 _w coul/electron. 
where n is the number of electrons flowing, each of charge e. 


q _ 1200 coul 

e 1 .6 x 10~ 1# coul/electron 


x 10 11 electrons. 


31.2. Since positive ions and electrons (negative) flow in opposite 
directions, the effective current in the direction of the flow of 
positive ions is given by the addition of both the components. 


i=ip+it 


(<?>4~<?t) (fl»-|-we) e 

t t 


=(l.lxl0 1 *+3.1 X10») ^‘ 6 ^ Q - coulJ 

1.0 sec 

=0.67 amp 


31.3. (a) The resistivity p may be written as 


P— 


KIL 

HA 


For iron and copper wires, V, i and / are the same. 

A a p 

But A— nr* 


where r is the radius of cross-section. 
. r (iron) 


r (copper) 




(b) 


P" ’ TTa 


VJI 

HA 


P (iron) 

P (copper)' 

J71 

J 


j 1.0 X 10~ 7 ohm-m _2 4 
v 1.7 x 10*' ohm-m 


Since V and / are the same, but p being different for iron and 
copper wires, the current densities cannot be made the same with 
any choice of radii. 
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31.4. 



31-5. Let the charge density be a (coul/meter a ). Charge conveyed 
by the belt to the sphere per second is 

i=— — — (area of belt)=( a ) (width)(length)/time 


a— ; 


=( a ) (width)(speed of belt) 

i 10“ 4 


amp 


(width) (speed) (0.5 meter)(30 meter/sec) 

=6.7 x 10 _# coul/m*. 

31.6. (a) Resistance of aluminium rod, 

„ P / _ (2.8 X 10~ 8 ohm-m)(1.0 meter) , w _ u _ 
R ~~i U x 10 ■ ohm 


( b ) For the circular copper rod. A— ^-25 2 , where D is the diameter. 


Set 




R= 1 . 1 X 10 - * ohm, then 

n_ f 4 p / f (4) (1.7 x 10“* ohm-m< 

V *R V' (n)(l.lXlO-» 

=4.4 x 10“' meter =4.4 ram. 


•m eter)(1.0 meter) 
ohm) 
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31 . 7 . The resistance of the original wire is 


*1= 


Pji 


= /i a = hi 

Aih v 


-U) 


where v is the volume of wire. Since density of the material of 
wire is constant, it follows that v is also constant. 


The resistance of new wire is 



Dividing (2) by (1) 

Rj t-lf 

/l 2 

But / a =3/i 

/ * (V l a 

R t = fr *i= , r*i=9/?,=(9)(6 ohm)=54ohm 
*1 <1 


..( 2 ) 

•••(3) 


31 . 8 . Resistance of copper wire is 

_ _ Pil _ (1.7 x 10~ 8 ohm-m)(10 meter) 
1 A n (T.Ox ld _s meter) 2 

Resistance of iron wire is 


= 5.4 x 10 * ohm. 


r> _P, / _(K0x 10 7 ohm-m)(10meter) . 

*‘-~A nTnOxlO"* meter)* ” 31 - 8x 10 ohm - 

(c) The potential difference across copper wire is 

VRi_ (100 volt)(5.4xl0-* ohm) 


K,= 


Ri+R t (5.4 X 10~* ohm + 31.8x 10“* ohm) 
= 14.5 volt 


The potential difference across iron wire is 

y _ _VR i = (100 volt)(31.8xlQ-» oh m) 

* Rj+R, (5.4 x 10”* ohm +31.8 x 10~* ohm) 

=85.5 volt. 

(a) Electric field for copper is 

r —l 4 - 5 y Olt , ,, . , 

£l= T “loiter" 1 - 45 Vo,t/mcter - 

Electric field for iron is 

r V* =,85.5 volt . , . 

E '~X io£Tter =8 ' 55 vol,/mcltr 
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( b ) Current flowing through the composite wire is 

■_Y- = 100 vo lt 

1 R (5.4 x 10"* ohm +3 1.8 X 10~* ohm)“ 


.'. Current density, 


2.67 amp 

J A n (1.0 XI 0“* meter) 1 


2.67 amp 


=8.5 XlO 7 amp/m*. 


AR_ itD'R 

31.9. (h) P = T =— 


* (0.55 x 10~* mcter)»( 2.87 x 10"* ohm) 
4 (1.0 meter) 


=6.8 X 10~® ohm-meter 

The materials is nickel (Textbook Table 31.1). 


(a) Resistance, R= 


p / _(6.8x 10 * ohm-meter)(1.0x 10 * meter) 


nr‘ 


n(1.0x 10 * meter)* 


= 2.17 Xl0~ 7 ohm 


31.10. Cross-sectional area 4=7.1 in* =4.58 X 10“* meter* 

Length of the track, /= 10 miles=1.61 x 10 4 meter 

p/ __(6 x 10 -7 ohm- meter)( 1.61 X 10 4 meter) 
A 


Resistance, 


R- 


4.58 X 10 * meter* 


=2.1 ohm. 


31.11. (a) The resistance R t at any temperature T is found from 
the relation 

R=Ro (1+* AT) 


where R 0 is the resistance at 0°C and x is the temperature 
coefficient of resistivity. From textbook Table 31.1 we find for 
copper, «=3.9X 10~\ 


By Problem, R=2R 0 

2^,=R. (l+« AT) 

&T— — = J - 

a « 3.9 X 10 -1 


=256°C 


At temperature 256°C, the resistance is doubled. 

(b) As x is independent of shape and size, the result of (a) is 
valid for all copper conductors. 


31.12. (a) For iron 20° C is 

P= l.Ox I0“t ohm-m and *»-5 x 10r*» 
we have, e=p»(H*«Ar) 
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The resistivity of iron at 0°C is 

p 1.0 X 10" 7 ohm-m 


Po = 


'1+jAT 1+20x5X10"* 

For carbon at 20°C 

p'— 3.5x10“* ohm-m and «'=-5x 10" 4 . 
The resistivity of carbon at 0°C is 

p' 3.5 X 10“* ohm-m 


0.91 X 10"’ ohm-m 


9 » 


3.54 xl0'» ohm-m 


l+«'Af~ 1-20x5x10"* 

If the resistance of iron is R and that of carbon R' then the resis- 
tance of the composite conductor is 

R 0 -R+R'= P -^-+ P -J 


where / and /' are the total thickness of iron and carbon disks, 
respectively. Change in resistance 



, /' Ap' 

+ ~~A~ 


-0 


V_ _ _ A p _ _ Pq « A T _ _ Pq « 

/ Ap' Po'a' A T Po'S' 
_ _ (0.91 X 10 -7 ohm-m)(5x 10"’) _ 

(3.54 x lO" 5 ohm-m)( — 5x 10"*) 


This is also the ratio of thickness of individual disks as the 
number of disks of either material is the same. 

(A) As the current is the same in carbon and iron disks, the 
ratio of the rate of joule-heating in a carbon disk to that in an iron 
disk is 


i*R' p’l’/A pT (3.5 X 10"« ohm-m)(2.6 X 10" 2 ) 

i*R pH A ~ pi ~ (1.0 X lO" 7 ohm-m) 

31.13. The temperature coefficient of resistivity for copper is 
3.9 X 10"*/°C. 

Percentage change in R is (3.9 x 10"*) (100)=0.39%. 
Coefficient of linear expansion of copper is 1 .7 x 10"*/°C. 

.*. Percentage change in length / is 
(1.7X10"*) (100)=0.0017% 

Percentage change in area A is (2) (1.7 x 10“*)(100) =0.0034%. 

From the above it is seen that percentage changes in / and A are 
by far less than that in resistance with the variation in temperature. 
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We, therefore, conclude that for the calculations of variation of 
resistance with temperature the changes in dimensions can be safely 
ignored. 

31.14. If R i0 , Ro and Rt are resistance at 20°C, 0°C and T°C res- 
pectively, then 

■Rj0-.Ro (1+20 a) ...(1) 

Rt=R 0 (1+T a) ..(2) 

Dividing (2) by (1) 

Rr 1 +T a. 

RjO 1 +20 a 

For copper, the temperature coefficient of resistivity is 
o=3.9 X 10" s per °C 

Rt 58 ohm 1 +(3.9 x 10~ 3 ) T 
R 2 o~ 50 ohm “ 1 + 20 x 3.9 X 10"» 

Solving, we find the temperature, r=64 0 C. 

31.15. The resistance is found from the relation, R — j? 

The plot of R against V for the vacuum tube is shown in Fig. 
31.15 ( a ) and for the termister in Fig 31.15 (b). 



Fig. 31.15 

31.16. The drift velocity is given by 

Vd= — - 

ne 

Where j is the current density, n is the number of electrons/cm* 
and e the electron charge. 


; =— = 


10" w amp __ 


A ~n (0.127 cm)* 


1.97xl0"*amp/cm s 
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If N a is Avogadro’s number, d the density and M the atomic 
weight, then number of free electrons/cm 8 . 

__ N& (6x IQ* 3 atoms^molel^.O gm/ c m 8 )(l electron/atom) 
M ~ 64 gm/moie 

— 8.4 XlO 12 electrons/cm 3 . 

v _J_ 1 .97 x IQ" 1 amp/cm * 

4 ~ ne ~"(8.4 X 10 s * electrons 'em 3 ) ( 1 .7 X 10 _1 * coul) 

= 1.5x 10“ 18 cm/sec. 


31.17. Rate of energy transfer is, 

P—i 2 R 



(iOOwatts) 
(3.6 amp)* 


li ohms. 


31. 18 .- Length, /= 100 ft=30.48 meter 
Radius, r— 0.02 in =5.1 x 10~ 4 meter 

Cross-section area. A— nr 2 — it (5.1 x 10~ 4 meter)* 

= 8 . 17 XlO" 7 meter* 


Resistivity for copper, 
P / 

(a) Resistance, R — —r 


Current, i— 


V 

R 


P=1.7x 10“ 9 ohm-m. 

( 1.7 x 10~ 9 ohm-m)(30.48 meter) 
(8.17 x 10“ 7 meter*) 

=0.63 ohm. 

1.0 volt 


0.63 ohm 


= 1.6 amp. 


. . t 1.6 amp 

(6) The current denstty, j- 7 = „ 17 x 1 0-’mele7' 

= 1 .96 x 10® amp/meter* 

. . . . , , _ V 1.0 volt 

(c) Electric field strength, E=-j~ 30 . 4 8 meter 

=3.3 X 10~* volt/meter 
V 2 (10 volt)* 

(d) The rate of joule-heating, ohm = *'^ watts * 


31 . 19 . Radius of wire r=0.05 in=1.27x 10“* meter. 

Cross-section area of wire, A—nr 3 —n (1.27 X 10“ 8 meter)* 

= 5.06x10“* meter*. 

/=1000 ft =304,8 meter 


Length of the wire. 
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(а) Current density, footer- 

=4.94 XlO 6 amp/meter a 
(A) Electric field strength, E— p j 

—(1.7 X 10“* ohm-m)(4.94x 10 a amp/meter a ) 

=8.4 x 10 -2 volt/meter 

(c) Potential difference, V=El 

=(8.4 X 10“* volt/meter)(304.8 meter) =25.6 volt 

(d) R^te of joule heating, P—Vi 

=(25.6 volt) (25 amp) =640 watts 

/ 31.20. ( a ) Heat absorbed per second=(500 joules)(80%) 

=400 joules 

400 joHlii _ _ 95 6 ca i 

— 4.186 joulcs/cal ° 

Heat required to raise the temperature of water from 20°C to 
100°C is 

H~mc AT 

= (2000 gm) (1.0 cal/gm) (100°C-20°C) = 16x 10* cal. 

Time required to bring the water to boiling temperature 

Heat absorbed by water 

Rate of absorption of heat 

16xl0 4 cal 0 

= nf — T7 — = 1670 secs = 28 minutes. 

95.6 cal'sec 

1 

(б) Heat required to boil half the water i.e., 1 liter or 1000 gm, 

//=mZ.=( 1000 gm) (540 cal/gm) 

=54x 10 4 cal. 

Time taken to boil half the water away 

Heat require d f or v apouri zation 
Rate of absorption of heat 

54X10 4 cal e/:AO nA 
= — n — —5648 sec =94 minutes. 

95.6 cal/sec 

31.21. Power, P=^ 

JR 

vt (liOvoltl 1 

Resistance at 800° C, R»oo=-p ^^QOwatt =24,2 ohm 



Current and Resistance 1 1 3 


Resistance at 0°C 


n __ /?goo 24.2 ohm 

Ko== 1 +« A T = 1 +(4 X 10^/°C)(800°Cr" 


18.33 ohm 


Resistance at 200°C, /?*><>— 7? 0 (1+* A T) 

—(18.33 ohm) [l+(4x 10-TC)(200°C)]=19.8 ohm 
Power dissipated at 200°C, 


,. = 1JiW =61lwatts 

R i00 19.8 ohm 


31.22. (a) Current, i=ne , 

Where n is the number of deutrons of charge e striking the block. 


n— 



1 5 X 10 * amp 
1.6X10 -1 * coul 


=9.4 X 10 l * deutrons per sec. 


f 

If the deutrons are completely absorbed in the block then the 
energy dissipated per sec —nK, where K is the kinetic energy of each 
deutron. 


Total energy available per sec 
—nK 

= (9.4xl0“'sec) (16 Mev) 

= 1.5x 10“ Mev/sec 
= l .5 X 10“ Mev/sec 

Heat evolved/sec=(1.5 X 10“ eV/sec)(1.6x 10~ w joule/eV) 
= 240 joule/sec 
=240 watts. 


31.23. (a) Power, P— _ 

A 


Resistance, R=^ volt)< 

P 500 watt 


=26.45 ohm 


Power is altered to P'— 


(V) 3 (110 volt)* 


R “(26.45 ohm)' 


=457 watts 


Percentage drop in power. 


AP.. tArt (500—457) watts 
~T XiW 500 watts 


■ 8 . 6 %. 


(b) With the drop in power, temperature as well as resistance 
would decrease. Therefore, the actual heat output P' will be larger 
A P 

and so — — will be smaller than that calculated in (a). 
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31.24. Power /> 0 =i a R=/*p - — 

Power per unit volume, 

_ P 0 iW i*p. 


^ V IA A * 

where V=IA is the volume. 

A . E . . E 

Also p= — i.e. ]— — 

J P 

/>=£*/p 


SUPPLEMENTARY PROBLEMS 

S.31.1. (a) Let N a-particles strike the plane surface in time t secs. 
Then the current, 

. Ng_N( 2e) 


A7_ ii -(0- 2 S X 10 * amp)(3 sees) la 

2e (2) (1.6X 10 -w coui) ,U 

( b ) Speed of *-particles, 

u= [2 K_ [ (2) (20X 10« eV)(1.6X 10““ joule/e V) 
m \ 6.68 x 10~* 7 kg 

=3.1 X 10 7 meter/sec. 

Number of a-particles crossing a given plane area per second, 
i _ 0.25 x 10~* amp 
q (2) (1.6x 10 _w coul) 

=7.8 XlO 11 a-particls/sec. 

Number of a-particles per meter length of the beam 
_ n _7.8x 10 u /see _, {><1A1| 

r ~3.ixl0> mtter/sec 2 ' 5x Wlptt meter 

Hence number of a-particles per 0.2 meter length of the beam 
=(2.5 X 10 4 per meter)(0.2 meter)=500O a-particles. 

(c) By definition a particle of charge ze in falling through a poten- 
tial difference of 1 volt gains energy equal to z electron volt. For 
a-particle z= 2, hence, the potential required to accelerate a-parti- 
cles to 20 MeV is 


20 X 10* eV 


= 10» volts. 


S.31.2. Table listing similarities and differences 
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Item Flow of charge Flow of fluid Conductiod of heat 
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j) Suitable material Metals alloys and Fluids Metals an* 

for energy trans- electrolytes 
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S.31.3. As the conduction electrons get accelerated, sooner or later, 
they suffer loss of energy following collisions with the ions in the 
lattice of the metal. The kinetic energy of the electrons is dissipated 
into heat by way of imparting energy to the lattice vibrations. The 
conduction electrons being part of the conductor can only exert 
internal force on the conductor and therefore this can not give rise 
to a resultant force on the conductor. 


S.31.4. ( a ) Consider an elementary disk of radius r and of thickness 
dx at distance x from the truncated end and symmetrical about the 
axis. Then, 


, (b-a) 
r=a-{ ~x 

The resistance for this volume-element is 

JR — =k 

nr- n[/a+(6— a)x] a 
where use has been made of (1). 

I 

P l*dx 


Set, 


0 

y—la+(b— d)x 
dy—(b—a)dx 


[!a+(b-a)x]* 


So that, 


R 


p/ 2 


bl 


n(b—a) 


dy 


a! 


. P/ 2 (\_ _ 1 

n(b—a)\al bl 


Simplifying, 

R-- 


P/ 


nab 

(b) For a=b, (3) becomes 


with 


D _ ?i P[ 

na- A 

A~na 2 . 


-U) 


( 2 ) 


• ••(3) 


S.31^. (a) The resistivities of the two wires are given by 




Ra A (40 ohmMO.l meter 2 ) A . . , 

= — : — = — — -t: =0 1 ohm-mctcr. 


(40 meter) 


RbA (20 ohm K0.1 meter 2 ) A . 

ps= — 7— = ~ 7 tt ; =0.05 ohm-mctcr. 

I (40 meter) 



1 18 Solutions to t) and R Physics— tl 


(b) and (d ) : The resistance of the two wires in series is 

R— Ra+Rb=40 ohm +20 ohm— 60 ohm. 

~ V 60 volt , A 

Current, - 6T - j _ = 1.0 amp 

The potential difference across wire A is 

VA—iRA—(\ 0 amp)(40 ohm) =40 volt. 

Therefore, the field is Ea=^-~- — ^ V ° " = 1 .0 volt/meter 

I 40 meter 

The potential difference across wire B is 

Fb=i j Rb=( 1.0 amp)(20 ohm) =20 volt 

Therefore, the field is Eb = ~r — \ A - — =0.5 volt/meter. 

/ 40 meter 

(c) The current density in each wire is 

- 5jS;> " 10 amp/me,e, ‘ 


S.3«.6. (a) Power, P=Vi 

• r' * ■ P 1250 watt in oi 
.. Current, ,== puffs' volt =10-87 amp. 

(b) Resistance, ^^- = 10.6 ohm 

i 10.87 amp 

(c) Power, P=1250 watt=1.25 kilo watt. 
In 1 hour 1.25 kw-hr energy produced is 

1.25 kw-hr=(1.25 kw-hr) 77^7— r~P = 1075 kcal 

(1 kw-hr) 


S.31.7. At equilibrium temperature, 

Rate of heat rad iated= Joule heating 

a.r 4 — 7' 0 4 )(2itr/) = i*J? ...(1) 

Where T is the temperature of iron wire, r 0 =(273+27)=300 °K 
that of surroundings, 2iw/=surface area of wire (neglecting the 
area of cross-section of wire at the ends), i= 10 amp is the current, 
R the resistance, <j= 5.67 x 10~* watt/(meter*)(°K 4 ), and r=0.5X 1(T* 
meter is the radius of wire. 



pr=Po[i+«(r-r 0 )} 

I 


••.( 2 ) 

*.«( 3 ) 
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At 20®C, P(7 , 0 +20) e= P°^ "^20 tt ) 
Divinding (3) by (4), 

pr _i+«(r-r 0 ) 
p(r o +20) l+ 20 « 


or 


Pr= p (7, +20) 


[l+«(7-r 0 )J 


l+20a 

Combining (1), (2) and (5), and using 
P(r o +20) == 10~’ ohm-ni and a=5x 10 - */°C 


and solving for T, we find 7’=670°K 
= (670— 273)°C 
=400*C. 


•(4) 


•••(5) 
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32 1. Resistance R=^r = ^ —- =1,2 ohm 
i 5.0 amp 


Chemical energy is reduced due to joule-heating and is given by 
Pt=i*Rt =( 5 amp)* (1.2 ohm) (360 secs) 

= 1.08x 10 4 joules 

32.2. Let the resistance of the original circuit be R and a potential 
difference V be applied. Then 


¥ 

R 


=i=5 amp 


With the additional resistance of 2 ohm the current drops to 4 
amp ^ 

jTF2 =4amp 


Dividing the two equations, 


R± 2 5 

R ~ 4 


whence R — 8 ohm. 


32.3. Potential difference, 

V—i^R =( 5 amp) (8 ohm)=40 volt. 

The new resistance of circuit is R t =(84-0.05) ohm or 8.05 ohm. 
The current drops to 



40 volt . ft , n 

W5h m “ 4 ' 969 amp - 


Change in current A/=/ 2 — »i=(4.969— 5 0)=— 0.031 amp 

Percent change in current, ^r- x 100=( ^ x 100 

/, V 5.0 amp / 

= -0.62%. 


r 

32.4. (a) Current, i— — — 

R+r 

Set £=2.0 volt and r=100 ohms, Fig. 32.4 (a). Then 

. 2 
1 £+100 
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Fig. 32.4 (a) 

Curve (a) in Fig. 32.4 ( b ) shows the plot of current i as a function 
of R over the range 0 to 500 ohms. 

(h) The potential difference across the resistor R is 

Vm . tRwm 
V lK *+100 

where use has been made of (1). 

Curve ( b ) in Fig. 32.4 (6) shows the plot of potential V across 
the resistor * as a function of R. 

(c) Curve (c) in Fig 32.4 ( b ) shows the plot of the product P—Vi as 
a function of R. This plot shows the variation of power P with the 
external resistance R. 



Fig. 32.4 (b) 

Curve (c) in Fig. 32.4 (6) corresponds to the plot of power 
P delivered to the resistor * as a function of R. It is seen that P 
has maximum value at *=100 ohms, a value which is identical with 
r, the internal resistance of the battery. 


32.5. (a) Current, 


«= 


E 

R+r 


Power delivered, P=i** s=s 


£** 

(*+r)‘ 


-.(I) 

( 2 > 




For maximum power set 4ir— ' 0. 

oK 

dP E'dPldR d 

dR~ JR+r)* +ER dR {R+r) 

2 R 


1 


=0 


•' (R+r)* (R+r)* 

whence, R=r 

( b ) Maximum power is obtained by putting R=r in (2). 

Fra a* — £*/ 4 T 

32.6. (o) Current, i- 
Power P—i*R= 


E 

(F+r) 

E * R 
(F+r)* 


r—4 E* R/P-R 

=[(1.5 volt)* (0.1 ohm)/(l0 watts)] 1 **— 0.1 ohm 
=0.05 ohm. 

( b ) Potential difference across the resistor, 

V—iR=R*f P/R—*f PR—J{ 10 watt) (0.1 ohm)=l volt. 

32.7. (a) Ey and E 2 are in opposition. Effective emf is given by 
E=E % —E i 

E % —Ei E t —Ei 


Current, i— 


R+r+r R+2r 


whence, R= 994 ohm. 

(b) Rate of joule heating in R is 

P=i*R=(0.001 amp)* (994 ohms) 
=9.94 X 10~ 4 watts. 

E 


32.8. (o) Current, i— 


R+r 


Power developed in the resistance (R+r) is 
P%—i* (R+r) 


£* (2.0 volt)* 2 ... 

R+r = ('5+l) ohm “ 3 wat 
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Energy transferred from chemical to electrical form is 
/y=(-j- watt ^(120 sec)=80 joules. 


( b ) Joule heating in the wire is 


P=PR = 


E*R (2.0 volt)*(5 ohm) 5 
CR+r) 1 _ (5 ohm+l ohm)« ” 9 


Total energy that appears in the wire as joule heat is 
Pt= watt ^(120 sec)=66.7 joule. 


(c) The difference in energy (80—66.7) or 13.3 joules is to be 
attributed to the joule heating of the battery owing to its internal 
resistance. 


32 . 9 . Ei=4 volt 
E t = 1 volt 
Ri—R % — 10 ohm 
R t —5 ohm 

Traversing the right loop in the clockwise direction , 

.-(l) 

Traversing the left loop in the counter clockwise direction, 

Ex 0 •••( 2 ) 

Traversing the path b a d c b in the counter clockwise sense, 

Ei iiRi~ itR*— G j=0 •••(3) 

The junction theorem yields 

ii+i,~it=0 ...(4) 

It is obvious that (3) is not an independent equation as it can be 
obtained by substracting (1) from (2). Substituting the numerical 
values in (1), (2) and (4) we have 

10 i a +5 /,= — 1 (1)' 

10 i\-5 »,= 4 (2)' 

ii-i\+i, =0 (4)' 

Solving (1)\ (2)' and (4)' 

/,=» 0.025 amp 

K««B/ a Jt t »(0.025 amp) ( 10 obm)=0.25 volt. 


Traversing various loops in opposite sense would net yield any 
new information. 
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32.10. Ei~ 2 volt 
Zi 2 =4 volt 


r t =l ohm 


r 2 = 2 ohm 
R—5 ohm 


Start from c and traverse in the counter clockwise direction along 
b and thence to a. 

Vat— —i (jR+r 2 )+i? 2 
= -i(5+2)+4 

=(— 7 /+4) volt ...(1) 


Applying loop theorem to the entire circuit starting from c and 
going in the counter clockwise direction 

—i (/?+r 1 +r 2 )+iS'j ! — £' 1 =0 


£ 2 -E i (4 -2) volt 

/?+/’i+/' 2 (5 + 1+2) ohm 


=0.25 amp 


Using this value of i in (1), 

Vac=— (7 ohm) (0.25 amp)+4 volt 
=2.25 volt 


32.11. (a) The resistors R z , R 3 and R t are in parallel. The equiva- 
lent resistance R t for these three resistors is given by 

1=1 . 1+1 

Rs R% R* R* 

L. J.. , 

“50 +50 + 75 “ 75 
R t =^p=18. 75 ohm 


The equivalent resistance R of the network is obtained by com- 
bining R s and J?i in series 

/?=/?,+/?!= 18.75 + 100=1 18.75 ohm. 

(6) Let current i u i t , i 3 and 14 flow through resistors R v R 2 , R 3 
and R t , respectively. Applying junction theorem at the junction of 
all the four resistances 

»l = l'l + lj+'4 .-(I) 

f Applying the loop theorem for the path comprising Kj and R t , 

E—iiRi—i t R%=0 ...( 2 ) 

Applying the loop theorem for the path comprising /? s and /? 4 , 
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Applying the loop theorem for the path comprising R t and R t , 

-/ 4 /? 4 +/ sj R 2 = 0 ...(4) 

Put ^=100 ohms, R a —R a —5 0 ohms, R t = 75 ohms and E 
=6 volts, and solve the simultaneous equations (1), 
(2), (3) and (4) to obtain 
»i =0.0505 amps 
i»=i 3 =0.0189 amps 
i 4 =0.0l26 amps. 


We can get the result for (a) by an alternative method. Since 
current i x gets distributed through various resistors of the circuit the 
equivalent resistance of the entire circuit is 



6 volts 
0.0505 amps 


= 118.8 ohms 


32.12. (a) Let the current i' lt /, and i 3 flow through R u R 9 and R t 
respectively. 

Applying the junction theorem at the junction of R t , R a and jR 8 , 


Applying the loop theorem to the left loop, 

/ 1 /? 1 =0 ...( 2 ) 

Applying the loop theorem to the right loop, 

i a R 9 i a R a —0 •••(3) 

Put R 1 =2 ohm, R 2 = 4 ohm, R s — 6 ohm and E— 5 volts, and 
solve the simultaneous equations (1), (2) and (3) to get the current 
in the ammeter / 3 =0.45 amps. 



(b) Junction theorem for the circuit in Fig. 32.12 (a) yields 

*'s=Ws ,..(4) 
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Applying loop theorem to the left loop 

„.(5) 

Applying the loop theorem to the right 

E—i t R t —i t R a =0 ... (6) 

Using the numerical values of (a) we find, 

11=0.45 amp. 

This represents the current indicated by the ammeter. Thus, the 
ammeter reading remains unchanged. 


32.13. Applying the junction theorem to the junction of the three 


resistors, 

l'l+/* = t -”(1) 

Applying the loop theorem to ihe 
lower loop, 

E—i t r—iR— 0 •••(2) 

Applying the loop theorem to the 
big loop 

E-^r-iR^O ...( 3 ) 

Eliminating i x and i a , we have 

i= R^f ”' (4) 

(n) Power delivered to the resistor 

R, 


Hh 


'nNsNnNVsN *- 

r /, 


| -f*rvN>/w— <*- 


->*MS*NsNv- 


R 

Fig. 32.13 


/»=/•/? = 


E t R 


Maximum value of P is obtained by setting ^ =0 

wA 


•••(5) 


dP 

dR 


or 


A , E , i « + i )‘ *£-**£(*+ f ) ‘ 

(*+ i ) 4 

(*+-§-) , -2*(*+ i -)-0 


whence /?=— 

(6) Use (6) in (5) to find 

E* 


( 6 ) 
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32.14. Let the resistances be R t and R t 
In series, --•(!) 

T it t n Ri Rf 

In parallel, 

where use has been made of (1). 


.’. R\Rt — •••( 2 ) 

Of the resistances 3, 4, 12 and 16 ohms the choice '/? 1 =4 ohms, 
R % = 12 ohm when used in series or parallel would satisfy both (1) 
and (2) and therefore provide the equivalent resistance 16 ohm and 
3 ohm respectively. When used singly they provide the resistances 
of 4 ohms and 12 ohms. 

32.15. Suppose that a and b are at the same potential. 

If i t is the current flowing through R t and /» through R » , then 
the potential drop over must be identical with that over R». 

i\R\ z= i*Rt •••Cl) 

Similarly, the potential drop over i? 2 must be the same as that 
over Rm. 


i$R% — it Rx 
Dividing (1) by (2), 

R i R. 

Rf Rm 


or Rz=R, ^* 

K i 


...( 2 ) 


32.16. Applying the junction theorem at b, (Fig 32.16). 


it~{~i—im 




Applying the junction theorem at a, 

/,+/-», ..(2) 

Applying the loop theorem to the 
path efcbde, 

E itRt — ixRx~0 •••(3) 

Applying the loop theorem to the 
path cabc, ' 


ii+R+ir—i,R t =0 ...(4) 

Applying the loop theorem to the 
path abda, 

ir+imRm~i t R=0 ...(5) 

Solving (1), (2), (4) and (5), 


/.«= 


i (2 r±R+Rm) 


a 



Fig. 32.16 


Rt+R* 


...( 6 ) 
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Eluminating i$ between (1) and (3) 

E=(R.+R*) it+Rii ...(7) 

Eliminating i. between (6) and (7), and re-arranging 

. = E(R$—Rx) 

‘ (R+2r)(R, + R m )+2R.R, 

The current i=0 if jR»=x. Already, R 1 =R i . This result is there- 
fore consistent with the result of Problem 32.15 viz., 

R*=R, ^ 

■*1 


32.17. Let the resistances be R x and R t . 

For the series arrangement the equivalent resistance is 
R= z R 1 -\-R i 
Joule heating is 


»_ & & 

1 R ~R 1 +R i 

For the parallel arrangement, 

Ri+Rt 


the equivalent resistance is 


Joule heating is 

P = & £ 2 (Ri+Rt) 

* R~ R^ t 

By Problem, P i —5P 1 

• JP- 

R 1 R i R^R, 

(R t +R t y-5 R t R t =* 0 



...( 2 ) 


RS-3RZR 1 +R 1 *=0 

Put /? x = 100 ohm. We then have 
/?,*- 300 /?,-fl0 4 =0 

The solutions are /? t =38 ohm or 262 ohm. 

32.18. P=V*/R, 

Therefore, Jf 1 =P r »// > =(100 volt)*/(100 watt) 

=100 ohm. X 

Arrangement Equivalent 

(/? 1 =/?j=/?s=/? 4 = 100 ohm) resistance/? R 

(E= 100 volt) 
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/ b \ A V ~ \ 



(vi) 
( V ii ) 


MV MV — (. ^~y- 

\ — WW-/ 


25 ohm 

400 watt 

75 ohm 

133 watt 

■100 ohm 

100 watt 

133 ohm 

75 watt 

167 ohm 

60 watt 

250 ohm 

40 watt 

400 ohm 

25 watt 


32.19. (a) Let a current / be sent at x. As the resistances in the 
arms xa and xb are equal, the current will divide equally, ii in each 
arm. Also the potential difference between xa and xb will also be 
equal so that no current flows through ab. A current equal to // 2 
flows through ay and i/2 through by. The outgoing current at y is 
therefore again /. The potential difference between x and v is 

Vry -iR 

where R is the equivalent resistance of the network. But 
Vr. } ^V tn + V„ y ~ 0/2) X 10+072) x 10 = 10/ 

•*• iR- IQ i, or /?— 10 ohm. 
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(b) Let a potential difference V* y exist, across the points x and y. 
Let a current i enter at x and a current i leave at y. if R is the 


equivalent resistance of the net work, then 

iR=V my ...(1) 

V* y =V*A+V Ay Also, 

= 10(/-/ 1 )+20(i-» 1 -/ a ) 

or Vx y =30 i — 30/, — 20/-S ...(2) 

The potential difference between points x and B is 

VxB=Vxc + Vcb— 10/ 1 +10/ 1 =20/ 1 ...(3) 

V'8=V x a + Vab= 10 (i-iVJ+lO/j . .(4) 

Combining (3) and (4), 

3/j— i t —i ■••(5) 



Fij«. 32 19 <b) 


The potential difference between A and y is 
V a y — Vab{- Vn y 

or Ki,= 10/ 8 + 10 ( 1 , +/*) ...(6) 

AlSO, Va,= VaD+Vd, 

= lOfi-i, — / 2 )+ 10(7 i\ / 2 ) 

or Va ,— 20 (/' — /, — / 2 ) ...( 7 ) 

Combining (6) and (7), 

3 / j + 4 / 2 = 2 | 


...( 8 ) 
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Solving (5) and (8), 



... 00 ) 


Using (9) and (10) in (2) and combining with (1), 

V* y —l4i=iR 
whence, i?=14ohms. 

(c) Let the potential difference between the points x and y be 
V» y . Let a current i enter at x and the same current < flow out 
from y. 

Vx,=iR ...(11) 

where R is the equivalent resistance of the network. 

Vx y =Vxa + Va 

= l0i' 1 4-K'(/ 1 — / 2 ) 

or Vx y = 20/, - 1 0/ 2 (12) 

Also, V xb = V xu -j- V a0 

10(/W,)=10i,+ 10/ 2 


or 2 /,+/,=/ ..(13) 

A ( 80 , Vny — Vab~\~Vby 
10(l*, — 1 2 )= I0/ 2 + 10(| — 1, + lj) 

or 2/,— 3 / 2 =i •••(14) 



WWW 

lAAAAA ^ 


/ 

/ 

'I 

! 2 1 

:> 





1 HWW - 1 » 1 





-'2 



Fig 32.19 (c) 

Solving (13) and (14; 



...( 15 ) 
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Using (15) in (12) and combining with (1 1), 

V» y = iR — 20 1\ = 10 / 

/?=10ohms. 

32.20. Applying the loop theorem to the lowei .oop 

E.,—iiRi = 0 

• — 5 volt 

° r ,1 ~/? 1 == 100 ohms 

=0.05 amp 

Applying the loop theorem to 
the upper branch. 

£’ 3 !- £._, — =0 

(4+5, -6) volt 
1 50 ohm 

— 0.06 amps 

V at> ~ E. + £ 3 (5 |-4) vol t 

- 9 volt. Fig. 32.2» 






-aaaaaa- 


-|h J i> 


32.21. hoi the series connection 
E—iR — ir + E~ ir 0 


2 E 

2 r+R 


..(I) 


For the parallel connection, the internal resistances of the two 
batteries are in parallel, their equivalent resistance being r/2. For 
the current i through R the effective cmf is E 


E ^ 2 E 
R+r / 2 ~2R+r 


...( 2 ) 


The ratio of current through R for the series connection to the 
current for the parallel connection is obtained by diving (1) by (2), 


U _2R+r R+lR+r) 
ip R+2r r+(R+r ) 


(a) R > r. For . (3) shows i$ > i„ 

( b ) R < r. For Eq. (3) gives /« < ip. 


32.22. Applying Kirchoffs’s rules to the circuit of Fig. 32.22, 

h “t'a+lj .*.(1) 

^i~^« i\Ri=0 *--(2) 

Eg igRg i\R\ — 0 .*.(3) 



Elecrtomotive Force and Circuits 133 

i 

Using the numerical values in (2) and (3) and solving the above 
three equations we find 



(a) The Joule heat produced in R x is 

P x —i? /? x =^^-amp ^ (5 ohm)-^0.34626 watts; 
that produced in R a is 

P 3 —i 2 * — J^-amp ^ (2 olnn) — 0.04986 watts 

that produced in R s is 

Ps—in' J? s ==^~-amp ^ (4 ohm) — 0.70914 watts 

(b) Power supplied by, £j is 

£j/ 3 =(3 volt) (£- amp j — 1.25316 watts 

Power supplied by £ 2 is £ 2 »j=(1.0 volt)^ — ^ j - —0.15789 watts 

(c) Power supplied by £\ and £ a is Eii t +Eii t 

=(1.26316-0.15789) watts= 1.10527 watts. 

*oule heating in the three resistances is, 

P- P x + P*+P,= (9. 34626+0.04986+ 0. 709 1 4) watts 
= 1.10526 watts. 

Thus, the Joule heating is equal to the power supplied by 
Ei and £ a . The battery £ a is charged and negligible Joule heat 
appears in the battery. 
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32.23. (a) The resistance R x is put in the middle of the range. 
Rough adjustment of current is made with R 2 (lower resistance) 
and fine adjustment is made with R t (higher resistance). 


(6) The equivalent resistances of R x and R 2 in parallel is 
r> RjJh 

Rt+R 2 

Holding R 2 constant, differentiate (1). Change in R is 




*2* A/?i 
(Rj + Ra)* 


( 


R* 

Ri~\-R 2 


V R\R% \ ARx 
ARi+RJ Ri 


ARIR _ R 2 
ARjRi Ri+ R 


Setting /?!= 20 R 2 , we get 


ARIR _ 1 
ARjRi 21 


Thus, a small change in the resistance of the parallel combination 
is crossed by a large fractional change in R u thereby permitting 
fine adjustment. 

32.24. The resistance Rv of the voltmeter is in parallel to the 
resistance R Fig. 32.23 (a) so that the effective resistance R' is 
given by 


_L=JL J_ 

R’ R + Rv 

1 _ 1 _ 1 
° r R R’ Rv 

32.25. The resistance Ra of the ammeter is in series with R, so 
that the effective resistance R' is given by 


Ra 

or R=R'—Ra 

32.26. Without ammeter resistance the current 


R t +R,+r 

5 volt 

(5+4+2) ohm 


0.4545 amp 
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With the inclusion of ammeter resistance the current is 

£ — 5 volt 

Rl+Ro+r \-Ra (5+4+2+01) ohm 
—0.4504 amp. 

Error in current measurement is, A /=/— /' 
Fractional error in current measurement, is 

4.i = »,4545^4504Ump_ =0009 

i 0.4545 amp 

Percentage error is 100( A«//)=0.009 x 100=0.9% 


32.27. If no current goes through the voltmeter (Rv= oo), the 
current 

- _ E _ 5 volt 

1 ~ Ri+R t +r (50+40 — 20' ohm 

=45.45 X 10 -8 amp. 


Potential difference accros /?, is 

V—iR l = (45A5x 10~ 3 amp)(50 ohm) = 2.27 volt 

With a finite resistance Ry for the voltmeter, the resistance of 
parallel combination of /?, and Ry is 


R 


RjJiy _(5 0 ohrnH 1000 ohm ) 
R t + Ry (50 ohm+1000 ohm) 


47.6 ohm. 


Current, i'- 


E 

R . + /• 


5 volt 


= 46.46 x 10 * amp 


R (40 + 20 + 47.6) ohm 
Potential difference across R x is 

y’ — i'R— (46.46 x 10 -3 amp)(47.6 ohm) = 2.2l volt. 


Fractional error in potential difference across R, is 
AK K _ r (2.27— 2.21) volt 
~V V 2.27-^n = ‘°' 026 


.*. Percentage error in reading the potential difference is 
0.026 X 100=2.6% 


32 28. (a) The currents are shown 
Applying junction theorem at a, 

i*+» 8 =, ’i ••*(!) 

Applying the loop theorem to the left loop, 

Etr-itRt-itRt-Et-iiRi^O —( 2 ) 

Applying the loop theorem to the right loop, 


...( 3 ) 
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Putting the numerical values, (2) and (3) become 
b+»V=l 

h~ * 3=0 


••( 2 ) 

••(3)' 


Solving (1), (2)' and (3)', we get 

^=0.67 amp, counter-clockwise in the left loop 

/ 2 =0.33 amp, up in tbe center branch 

/ 3 = 0.33 amp, counter-clockwise in the right loop. 

(6) The potential difference between a and b is 

Vab — E«— iik 2 — (4 volt)— (0.33 amp)(2 ohm)=3.3 volts. 



Fig 32.28 

32.29. For the RC circuit the charge q after time t is 

q=CE {l-c~‘l RC ) 

where CE is the equilibrium charge on the capacitor and the product 
RC is the time constant. 


100-1 


CE 8100 


\ 




-tIRC 


. —t/RC— X 
100 

e'/RC— joo 
t/RC—\n 100=4.6 

Thus, time r=4.6 times time constant must elapse before a capaci- 
tor in an RC circuit is charged to within 1.0 per cent of its 
equilibrium charge. 



32.30 
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Fig. 32.30 

32.31. Units of 7?C=(ohm)(farad) 

_ volt t c oulomb _ coulomb 


ampere volt ampere 


coulomb 

coulomb/time 


= time. 


32.32. Energy of the capacitor 

C-J £ 

2 C • 
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Rate of energy transfer is 

dUjQ 

dt C 


d Q=Q i==vi 

dt C 


dU 

dt 


=i i R 


The right hand side is nothing but Joule heating. 

Thus, at any instant the rate of energy transfer is completely 
accounted for by Joule heating. 


32.33. RC=( 3x 10* ohm)(1.0x 10~* f)=3 sec. 
(a) Q=Q 0 (l-e~‘ ,RC ) 

i= d Q= 0<L e ~,IRC = K e -,IRC 

1 dt RC e R e 


(b) Energy t/= ^ 


(4 volt) 

(3 X 10° ohm) 
=9.6xl0~ 7 coul/sec, 
1 Q*_ 

C 


e — ( 1.0 sec/3 sec) 


=/£ (1 — e / /^ c ) = (9.6x 10~ 7 amp)(4 volt)(l 
= 1.08 x 10~* watts. 


-e °- 33 ) 


(c) Joule heating in the resistor is 

i 2 R=( 9.6 x 10" 7 amp) 2 (3 x 10* ohm) = 2.76 X 10"* watt 

( d ) Energy delivered by the seat of cmf is 

Ei =( 4 volt)(9.6x !0~ T amp)=3.84x 10'* watts. 


SUPPLEMENTARY PROBLEMS 
S.32.I. The current in the circuit is 

1 R+rj+r, 


' r. , 

i — | h— ww>-{- 
L J 


R 



•••( 1 ) 


Fig. S.32.1 
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The potential difference across the first-battery is 
T , . 2 E r x 

K -“' r > = ^+7r+r, 

where use has been made of (1). 

By Problem, V X ~E 
Using (3) in (2), 

ELELk- — p 

whence, R=r l —r 2 


•••( 2 ) 

•••(3) 


S.32.2. (a) P=iV 

where V is the potential difference between A and B 
y— E ^0 watts 
i 


= 50 volt. 


1.0 amp 

(6) The potential drop across R is 

F(j»>=ii?=(1.0 amp)(2.0 ohm)= 


■2 volt 


In the absence of the internal resistance, the eraf of C is 
50-2 volt =48 volt. 


(c) As the element C is opposing the current i, B is its negative 
terminal. 


V 1 V s 

S.32.3. Power, P(r) — — ; P(R) — -~ 

r K 

As for parallel connection V is the same for bulbs of resistance 
r and R; the power P will be larger for r (r < R). Hence the 
bulb with resistance, r will be brighter. 

( b ) Power, P(r>=/V ; P(H> — i t R 

As for series connection i is the same for bulbs r and R; Pat) will 
be larger than /\ «•>. Therefore, the bulb with R will be brighter than 
that with r. 


S.32.4. For series connection, total resistance of the circuit is 
R+Nr. Total emf will be NE. 


Current, 


NE 

R+Nr 


-U) 


For parallel connection, the total internal resistance will be r/N, 
which is in series with R. Total resistance of the circuit will then 
be R+{r/N). The net emf will be simply E. The current will then be 


._ E NE 
‘ R±r/N~NR+r 

By Problem, in both (1) and (2), i is identical. 


Hence, 


NE NE 
R+Nr~NR+r 


...( 2 ) 
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whence (TV— 1) (R— r)— 0 
Since N^l, we have R—r. 

S.32.5. (a) Let a current 12/ enter at the corner A and emerge at 
B. Because of the arrangement with identical resistors the current 


?/ 



Fig. S.32.5 (a) 

is divided symmetrically as shown in Fig. S.32.5 (a). 

R 4 B =X^ _ Vad+Vd*+Vpb 
4 I2i 12 i 

MR+2 iR+iR 7 
12 / ” 12 '* 



Fig. S.32 5 (b) 
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( b ) Let a current 12 i enter the corner B and 12 i emerge at C. 
Because of the arrangement with identical, resistors, the current is 
divided symmetrically in various branches as shown in Fig. S.32.5 
( 6 ). 

„ __Vbc Vbd + Vdc 4iR+5iR 3 „ 

BC 12/ ~ 12/ ~ 12/' “4 - 


(c) 


6 / 



I ct a current 6/ enter at A and 6! leave at C. Because of equality 
of resistors, the current in various branches is divided symmetri- 
cally as shown in Fig. S.32.5 (c). 


Rac- 


Vac _ Vab±V_bji±Vdc 
6 / 6 / 

_2iR+_iR±2iR 5 
6/ 6 


S.32.6. Join one end of each of 1 ohm resistors together and convert 
the other ends separately to N terminals as shown in Fig. S.32.6. 
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S.32.7. (a) The resistance of ammeter and R x are in series. 
(/? 1 +3.62) (0.317 amp)=28.1 volt 

R x = 85 ohm 

( b ) The resistance of voltmeter and R 2 are in parallel. The equi- 
valent resistance of this combination is 

»- 307 /?, 

307 +/? a 

The voltage drop across R 2 is 

,R= J2? 3£ —y 

307+/? 2 

(307 /? a )(0.356 amp)_ =23 ? voh 


307+/?, 


/?,= 85 ohm. 


S.32.8. ( b ) For an RC circuit, the potential difference across the 
capacitor after time t is 

V—E e~ t l R C ...(1) 

where E is the initial potential difference and t = /?C, is the time 
constant. Substituting the given values, 

1.0 volt =(100 volt) e- 10 IRC ...(2) 

e 10//?C— 100/1.0— 100 

Taking logarithms on both sides, 

2S=ln 100=4.6 


t = RC— =2.J7 sec. 

4.6 

(a) After 20 secs, the potential difference would be, 
F=(100 volt) e- 20 sec/2 ‘ 17 SeC =0.01 volt. 


S.32.9. (a) 

<7o= V 2U 0 C = V (2)(0.5 joule)(10~* farad) 
= 10“* coulombs. 

( 6 ) q=qoe -‘IRC 

} dq_ q±_ — t/RC 

1 dt RC f 
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At 


(c) 


f=0, i— 


10 * coul 


(10* ohm) (10“® farad) 
y c=z Q cfae-dRC _ 10~» coul 


C C 10~* farad 

Since i?C=(lO« ohmsKlO"® f)=l sec 


= 10 * amp 
e — 1000 e-'volt 


V R =Ri=R e ~ t,RC =\00e- t volt 

( d ) Rate of Joule heating, U/=i 2 R — ^-^^j j^ e -2tlRC 


<■ 


1 * 


(10~* coul) 

(10* ohm) (10~* farad) J 

z € -lt watt 


(10* ohm) e 2/ 


S.32.10. (a) At f=0, C is to be considered closed. 


Applying junction theorem at the junction of J?, and R 2 , 



-0) 

Applying Kirchoff’s law to the lower loop, 


E—i 1 R 1 —i 2 R 2 —0 

*••(2) 

Applying Kirchoff’s law to the upper loop, 


i$Ri *3^3 = 0 

...(3) 

Since R 2 —R 2 , 


i%~h 

-(4) 

Using (4) in (l). 



...(5) 


Using (5) in (2) and the fact that R t =R t , 

. 2 E 2 (1200 volt) 

° r ,,= J~R X ~ ~3 7^3 X 10* ohm) =L1X10 am P 

i 3 =/a=i<i=i(l.l X 10~* amp)=0.55x lO"’* amp. 

At /=oo, the capacitor C is fully charged and C must be consi- 
dered as open. In that case /„=0 and i'i=/ s . 

From (2), i 1 R l +i 2 R 2 =E 
Since R\> 


E 


1200 volt 
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(» 



Fig. S.32.10 


(c) At i=0, /',-0.55x 10'* amp 

V. t — /.,7? 2 =(0.55x I0" 3 amp)(7.3x 10 5 ohms)— 401 volt 
At /=oo, i 2 ~ 0.82 x 10~ 3 amp 

K, -/*'?, -(0.82 X 10' 3 amp)(7.3 X 10* ohm)=599 volt. 

(d) The voltage drop across R 2 is seen to approach its final value 
asymtotically, and hence an infinite time is required for the voltage 
drop to develop to its maximum value. However, the time for the 
voltage to increase ,to any stated fraction of its final value is quite 
definite, and for the usual values of R and C encountered in common 
practice the voltage grows essentially to its final value within a 
reasonably short time. Let time be measured in terms of time cons- 
tant t —RC. 

F # =K W (1 -e-tIRtC) .,.(6) 

t=/? 2 C=(7.3 X 10 8 ohm)(6.5 X 10“ # farad)— 4.75 secs 
Set t — t in (6) to find 

VjVoc == 1 — e— 1 =0.63 
Next set t—2v in (6) to find 

=1— e” 2 =0.87 

' OO 

Thus, for the fraction VjV^ =0.63, we have f=T=/i 2 C=4.75 
secs, and for the fraction VjVoo =0.87 we have f=2‘t=2/? i C=9.5 
sec. 



33 THE MAGNETIC FIELD 


33.1. (a) The beam will deflect to the east. The direction of deflec- 
tion is found from the rule for the vector product in the relation 

F=<jrvX B. 

( b ) The velocity of electron whose kinetic energy is K can be 
found from 



2 X (12 X 10 3 eV)(1.6x 10~ lfl joule/e V 
9.1 X 10~ 31 kg 


=6.5 X 10 7 meter/sec 

Force on electron, 

F—qyX-B—qvB sin 0—qvB 

since, 0=90°. 

F=(1.6x 10” 1 ® coul)(6.5x 10 7 meter/sec) 

(5.5 X 10 ' B weber/meter 2 ). 

= 5.7 X 10~ 14 nt 


.*. Acceleration, a— — — n-r' -rn-jiT =6.3 X 10 14 meter/sec 3 , 
m 9.1 X 10 81 kg 

(c) Time taken to traverse 0.2 meter of horizontal distance along 
south- north direction. 




0.2 meter 


6.5 X 10 7 meter/sec 


=3.1 x 10 * sec 


Deflection in the eastern direction is given by 

y=kat 2 

=1(6.3 X 10 14 meter/sec 2 )(3.1 x 10“® sec)' 


=3 X 10 3 meter 
=3.0 mm. 


33.2. The kinetic energy of a particle of mass m and charge q, 
moving in a circular orbit of radius R under the influence of 
magnetic field B, is 

^_^ 8 5 2 /? 2 

A 2m 
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(a) For a-particle, q—2e arid m«=4wp, 

Kv \qv ) ' w* / 

— (2) a ( 1/4)= 1 
Ka=Kv= 1 Mev 

( b ) For duetron, <7=e and rm=2mp t 

M'l'CHIH 

Kd—hKv= ^Mev 


33.3. The magnitude of force on wire of length l, carrying current i 
in a uniform magnetic field B at 30° to the wire, is 

F- ilB sin 0 

= (10 amp)(1.0 mcter)(1.5 webers/m eter 2 )(sin 30°) 

=7.5 nt. 

The force acts perpendicular to the wire and the magnetic field. 


33.4. Magnetic force on the wire is 
F=/lxB=;Y.9 

since B is at right angles to the displacement vector I. 

Setting, F— mg, the weight of the wire, the magnitude of the 
current required to remove the tension in the supporting leads is 

. _ mg __ (l.Ox 10~ a kg)(9.8 meter/sec 2 ) 

IB (0.6 meter)(0.4 weber/meter 2 ) 


=0.41 ampere 

in the direction from left to right. 


-33.5. Magnetic force. F=Bqv, 

The dimensional formula for magnetic induction is 
[F] __ [MLT~ 2 ] 


\B]~ 


\q ] 10 [Q] \LT~ l ] 


[MT-'Q-']. 


The flux <ftB for a magnetic field is defined by 

4> B = Sh.dS 

Thus, the dimensions of 4>u are equal to that of B multiplied by 
that of area. 1 hat is 


f M = (F] [5 2 ; = [A/7- , g-MfZ-*l=|WI 2 7^ , C" 1 ] 
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33.6. The force on the wire is 

F=ilB 

Acceleration, a=— = , — 
m m 

Velocity, v=v o +af=0-f«f=^— 

TYl 

directed away from the generator. 

33.7. The force acting on the wire is 

F=Bil ...(1) 

mv=f Fdt—\ Bil dt=Bl J - idt=Blq ...(2) 

where use has been made of (I). 

Also, v—4lgh 

.'. q= m 4^4h __ (1.0xl0~ 2 kg) -J_ (2K9.8 meter/sec 2 X3.0 meter) 
Bl (0.1 weber/meter ? )(0.2 meter) • 

=3.8 coul. 

33.8. Resolve B into two mutually perpendicular components 
(0 horizontal component, B sin 0, radially outward in the plane of 
paper, (it) vertical component, B cos 0, perpendicular to the ring 
out of the paper. Consider a pair of points, diametrically opposite . 
on the ring. While the vertical component is the same in direction 
as well as magnitude, the current has reversed its direction, resul- 
ting in the cancellation of force. Adding up the contributions of 
symmetrically situated pairs of points on the ring, the force on the 
ring due to vertical component vanishes altogether. On the other 
hand, the direction of the radially outward component having fixed 
orientation of 90° to the direction of current at 'each point on the 
ring alone makes the contribution to the force. 

F=(current)(circumference)(radial component of B) 
=(i)(2na)(B sin 0)=2 naiB sin 0. 

33.9. Magnetic force on the wire is 

F=iBI 

Setting the magnetic force equal to the frictional force, 
F=iBl*=nmg 

. p_Mt»g_(0-6) (0.3 x O.4536 kg)(9.8 meter/sec 1 ) 

il (50 ampXO. 3048 meter) 

=0.0524 weber/meter* 

= ^0.0524 (10 4 gauss) = 524 gauss. 

The direction of the field is normal to the plane of tracks. 
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33.10. Replace the wire by a series of steps parallel and perpendi- 
cular to the straight line joining a and b. Traversing along the 
steps we notice that in going from a to b the current flows as much 
in the upward direction as in the downward direction so that the 
net component of force due to the segments of wire in the direction 
perpendicular to ab is zero. On the other hand the current in the 
segments of wire parallel to ab is only in one direction and the 
total length effectively traversed is equal to ab along a straight line. 
Hence, the force on the wire is the same as that on the straight 
wire carrying a current i directly from a to b. 

33.11. The torque on the coil is 

x—NiAB sin 8 

where N is the number of turns, / the current, A the area of 
the coil, B the magnetic induction, and 8 the angle which the 
normal to the plane of the loop makes with the direction of B. 

As the angle between the plane of the loop and the magnetic 
field is 30°, it follows that e=90°-30°^60°. 

t=( 20)(0.1 amp)(0.1 X0.05 meter 2 )(0.5 weber/meter 2 ) sin 60° 

=4.3 X 10 -3 nt-meter 

The torque vector is parallel to the 10 cm side of the coil and 
points down. 



The torque is given by 
' c—NiAB sin 8 


( 1 ) 


Maximum torque is obtained when 0=90°. 

L=2nrN ...(2) 

where r is radius of the circular coil and N is the number of turns. 
Area of coil, A=nr 2 •••(3) 

Eliminating r between (2) and (3), 


Am *JL 

4 nN* 


•••(4) 


Using (4) in (i,\ with 0=90°, 

UiB 
T 4«AT 

t is maximum when N= 1. This gives 
L* iB 

■'<— ,= ~sr 
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33. A,;Imagine the flat surface enclosed by the given loop to be 
divided by a fine grid into a large number of rectangles. If the same 
current i flows around the perimeters of the small rectangles 
clockwise then the currents in each rectangle is cancelled by the 
currents around the perimeters of the surrounding rectangles, 
except at the edges of the grid. The net result is a current i flowing 
clockwise in the large closed loop (Fig. 33.13). Let the magnetic 
induction B make an angle 0 with the normal to the surface 
of the loop. Now the area of the large loop is equivalent to 
the areas of all the rectangles into which it is divided, and since 
the same current / flows through the small rectangles, it follows 
that the relation, t —NAi B sin 0, is valid for a loop of arbitrary 
shape where N is the number of turns. 


Fig. 33.13 

33.14. The torque which tends to make the cylinder roll down the 
incline is 

x—mgR sin 0 

The torque acting on the wire loop by the current is 
x' — N i AB sin 0=2 NiLRB sin 0 
where we have written 2 LR for A. 

Condition that the cylinder may not slip for minimum current is 
t'— T 

INiLRB sin 9=mgR sin 0 

. ._ mg (0.25 kgH9.8 meter/sec 1 ) 

l ~2 NLB (2)(10)(0.1 meter)(0.5 weber/meter-i 

=2.45 amps. 

, „ . . . i 50 amp 

33.15. (a) Current density,;--^- (0Q2 n^r^ox 10"* metcij 

= 25x 10* amp/metcr* 


qppddH 
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If n is the number of conduction electrons/unit volume, 
speed of the electrons, 

_J__ (25 X 10 s amp/meter 2 ) 

ne (1.1 X 10 29 /meter 8 X1.6x 10 -19 coul) 

= 1.4 X 10“ 4 meteWsec 

( b ) Magnetic force is 

F=qvdB—(\.6x 10 -19 coul)(1.4x 10“ 4 meter/sec)^2 

=4.5 X tO -98 nt, 
in the downward direction. 

(c) Set the electric field equal to magnetic field, 

Ee=F 

_ F _ 4.5 XlO " 28 nt . „ , , 

*”7-1.6 xiO-» coul” 2 ' 8 x 10 volt/met,:r ' 
in the downward direction. 

( d) Necessary voltage to produce this field is 

V—Eh={ 2.8 X 10 -4 volt/meter)(0.02 meter) 

=5.6 X 10"* volt. 

Top voltage should be +ve and bottom — ve. 

(e) E//=— VdXB 

The magnitude of Eh is given by 

Vdfi=(1.4x 10 -4 meter/sec)(2 weber/meter 8 ) 

=2.8 XlO -4 volt/meter, 
in the downward direction. 

33 . 16 . (a) Engi- 
ne 

where j is the current density, B the magnetic induction and n the 
number of charge carriers per unit volume. 

Eu = jB_ _ R 
E Ene ne p 

where we have used the expression for resistivity p=Elj. 

(6) 90° 

(c) Textbook Example 5 gives, 

5=1.5 webers/meter 8 
For copper, «=8.4XlO w /meter 8 

P=1.7x 10 -8 ohm-meter 


then drift 


w eber \ 
meter 2 / 
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Therefore, 


Fh_B_ 
E ne p 


1.5 webers/meter 2 ) 


(8.4 X 10 28 /meter 3 )( 1.6 X 10 19 coui)(1.7x lO' 8 ohm-meter) 
=0.0066. 

33.17. ( a ) Kinetic energy of proton, Kp=eV 
Kinetic energy of deutron, K<*—eV 

Kinetic energy of a-particle, K% = 2eV 
Kp : Ki : AT«=1 .1:2 
( b ) Radius of curvature is 

\ 2mV 


qB 


q& 


ra 

t r 


■<«__»/ nu q v 
v V m v qd 


But 


and 


qd 

<7j>_ e 


= 1 


ntd _ , 

m v * qd e 

rd= 2rv— V2(10 cm) = 14. 1 cm 


[A 

mv q* V 1 


1 




33.18. *= 


or 


or 


Tot A / ^°L ?? 

/•« = V’2r 3 >= ; -/2(10 cm)=14. 1 cm 

V 2m K 

w 

Rd _ I JKd qv^ 

Rp V 

But, majmd— 2 and qp/qd — 1 
.'. Rdj Rp — 2 

“ V* 2 Tip 


/?j> V Wj> \^ot / 


= 1 


/?• — /?P 


33.19. (a) Speed, v= 




7M 


_(2)(1.6xl0 19 coul)(1.2 webcr/meter 2 )(0.45 meter) 
(6.68 X 10~ 27 kg 
=2.6 x 10 7 meter/sec. 
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2nm 


(2w)(6.69x IQ -27 kg) 


(b) Time period, T ^ (2x 1.6X 10 19 coul)(1.2 weber/meter*) 

= 1.09x 10~ 7 sec. 

(c) Kinetic energy, 

K—\mv i =\{6 . 68 x 10~ 27 kg)(2.6x 10 7 meter/sec) 2 
= 22.5x 10 -13 joules 


= (22.5 x 1CT 18 joules) ( T ) 
1 ' \ 1.6x10 18 oule / 


or 


— 14.1 Mev 
( d ) Set K=qV= 2eV 

’2eV=l4.1 x 10* ev 
14.1 X 10 6 ev 


V—- 


2e 


7x10® volt. 


33.20.' Kinetic energy of electron, 15000 eV 

-(1 5000 eV) ( 1 .6 X 10" M ^ e - ) = 2.4 X 10’ 15 joule 

Magnetic induction, 61=250 gauss=0.025 wsber/meter 2 

- 2w^ _ [(2)(9.1 X 1 0~ 31 kg )(2.4 X 1 0~ 1S joule) 

qB (1.6x lO -19 coul)(0.025 weber/meter 8 ) 
0.0165 meter=1.65 cm. 


Radius, R — 


33.21. First we shall investigate the path of an electron starting at 
rest from the positive plate. Choose the origin at O. The electric 
field E acts along the y-direction perpendicular to the plates. The 
positive plate is along the :e-axis and magnetic field is applied 
along the z-axis perpendicular to the plane of paper. The electric 
force on the electron is directed along the y-axis and since the 
magnetic field B is along tne r-axis, and further if the component 
of initial velocity parallel to B is zero, then the path of electron 
will be contained entirely in the xy plane. 



ig. 33.21 
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Writing down the force equations, 


f y — mj^=eE—eBvt 

-d) 

«5 

<»> 

II 

Bt 

S 

II 

< 

•••(2) 

Writing for convenience, 


eB . TT E 

“ =m 

...(3) 

Equations (1) and (2) can be re-written as 


a 

1 

1 

s 

II 

^3 1^3 

•••(4) 

dVx 

dt=“ V ’ 

••(5) 


Differentiating (4) and using (5), 


d 2 v>. 

dt 1 


CO 



or 


( PVy 
dt * 


tt>*V,,=0 


...( 6 ) 


The solution of (6) with the initial conditions, v* = v > =0, is seen 
to be 

Vy—U sin a >t ...(7) 

Substituting (7) in (5) and solving, 

Vx=U—(J cos cut *"(8) 

The coordinates * and y can be found out by integrating separa- 
tely (7) and (8) with the initial conditions x=y=0. 

y—~ (1— COS cut) ...(9) 

x=Ut — sin <ot .-.(10) 


Setting 


)=tot and /?= — . 

CO * 


-dl) 


Equations (9) and (10) respectively, become 

y=R (l —cos 6) •••(12) 

x=/*U0-sin 6) ...(13) 

Equations (12) and (13) are the parametric equations of cycloid, 
defined as the path generated by a point on the circumference of a 
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circle of radius R which rolls along the x-axis. The maximum 
displacement of electron along the jy-axis is equal to the diameter 
of the rolling circle i.e., 2 R. 


Identifying 

2R=d 

d Em 

2 to eBjm eB 1 


•••(14) 

...(15) 


Also, 



...(16) 


Using (16) in (15), gives 



Thus, the condition that no electron should strike the positive 
plate is 



33.22. The m?gnitude of the magnetic deflecting force F is given 
by 

F=qvB sin 6 ...(1) 

where 0 is the angle between v and B. 

Equating the magnetic force to the centripetal force, and 
setting 0=90° in (1), 



or 


mv _ p 
r qB qB 


where p=mv, is the momentum and r is the radius of curvature. 
Thus, r * p. 

33.23. Equating the magnetic force to the centripetal force, 

_ . . 7JIV* 

qvB sin 0=-^- 


or B ~qRsinl 

Required magnetic held will have maximum value when 0 is 
maximum i.e., 90°. Putting 6=90° in the above equation, 
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(1.67X lO -27 kg)(1.0x 10 7 meter/sec) 


(1.6 X 10 19 coul)(6.4 X 10 8 meter) sin 90° 
1.63 X 1CT 8 webers/meter 2 . 


The magnetic field must act horizontally in the direction per- 
pendicular to the equator. 

33.24. Momentum of deutron is 

p—qBr—( 1.6x 10 _1 * coul)(1.5 webers/meter 2 )(2.0 meter) 

=4.8 XlO -1 * kg- meter/sec. 

Kinetic energy of duetron at the time of break-up is 

Ki - Pi „ (4.8 x IQ " 18 kg-m/sec) 2 n 

K 2 m d (2)(3.34 X10~ 27 kg) 3,45X10 J oule 

Half of this energy is carried by neutron which moves tangen- 
tially to the original path, as it is unaffected by the magnetic fielq. 
The remaining half of the energy is carried by proton. So 

Kv— \Kd— 1 .73 X 1 0“ u joule. 

Momentum of proton is 

p ' = V f2)(1.73 xT0~^^joule)( 1 .67 xT(T 17 kg] 
=2.40 X 10~ 1B kg-meter/sec 

Radius of the new orbit is 

, _ />' __ 2.4xl0~ 18 kg-meter/sec 

r ~~ qB (1.6X 10 -1B coul)(1.5 weber/meter*) 

= 1 .0 meter. 

Thus, proton moves in a circular path of radius 1.0 meter. 


33.25. Resolving v along B and perpendicular to it, we have 
V[| = v cos 0 — /^/ 


2K a 
— cos 0 
m 


v. =v sin 0 


=v 


2 K 
m 


sin 6 


where 0 is the angle between B and v. 


The non-zero component of velocity along B viz. v 11 makes the 
plane of the circular orbit of the positron path advance along the 
B-axis. In other words, the actual path Of the positrbn is helical. 
*=2keV=(2 x 10* eV)(1.6 x 1(T 1B jnul/eV)=3,2X lO -18 joule 


v= 



(2)(3.2 XlO - * 8 joule) 
(9.1 X HT* kg) ' 


=#2.7 x 10 7 meWr/sec 
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v x =vsin 89°=2.7x 10 7 


vii=v cos 89 0 =4.7 X 10 B 


meter 

sec 

mete r 

sec 


2rcm_ (2rc)(9.1 X 10~ 81 kg) 

Bq (0.1 weber/meter*)(1.6x 10~ 19 coul) 

=3.6x 10 -1 ° sec. 


Radius of the helix, 


mv L _.(9 .1 X 10~ 31 kg)(2.7 x 10 7 meter/sec) 
Bq ( 6 . 1 weber/meter a )( 1.6x1 0~ 1# coul) 

==1.5 X 10 -8 meter 


= 1.5 mm. 

Pitch, P— vii T =(4.7 X 10* meter/sec)(3.6 x 10 -1 ° sec) 
=0.17 X 10"* meter 
=0.17 mm. 


33.26. (a) Path radius, r= 

Jiq 

_(9.1 X IQ" 81 kg)(0. 1 x 3 X 10* meter/sec) 

(0.5 weber/meter 2 )(1.6x 10~ 1B coul) 

= 3.4 x 10 -4 meter =0.34 mm. 

( b ) Kinetic energy, T =£mv*=£(9.1 x 10~ 31 kg)(0.1 x 10® meter/sec) J 
=4.1 X 10 _1 « joule 


(4.1 X 10 14 joule) 
(1.6 x 10“ l# joule/ev) 


=2.56 X 10 s eV 


33.27. Period, 


=2.56 kev. 


JL — ^ 7tm 

v qB 


m =^=i-(1.29 X 10"* sec/7)(1.6x 10-w coul) 


(4.5 X 10~* weber/meter*) 
=2.11x10*“ kg. 


33.28. Kinetic energy of the ion as it is accelerated through 
potential difference V is 

..( 1 ) 
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As the magnetic force is equal to the centripetal force, 
qBv= - 

q i B t r a 

r V ‘ A/ a 

But from (1), K—\Mv~=qV 


Comparing (2) and (3), 

q t B 2 r t _ 2 qV 
M M 

qB % r 2 _ B-qx* 


where we have set r—x\ 2. 

33.29. (a) F— — qvB, Fig. 33.29. 

For clockwise motion the magnetic 
force will be directed towards the p 
proton. As the electrical force will 
also be directed towards the proton, 
the net centripetal force will increase. 

Set q—e. 

e 2 mv* s B 

F=Fe+FB=- r 1 —.+Bev=-?~- .. (1) / a 

4jce 0 r* r / 

In the presence of magnetic field, 

Eq. (1) shows that v would increase, / 

leading to an increase of the angular SS. 

frequency, <o—vr (for a constant l*_ — 1 ► 

radius r). V v 

( b ) For counter-clockwise motion, Fig. 33.29. 

the centripetal force would decrease 
resulting in a decrease of angular frequency. 

33.30. Taking into account both the possibilities of increase and 
decrease of <o, Eq. (1) may be re-written as 

-j "* ~ i ±Bev=— —(2) 

4«« 0 r* r 

Writing r, (2) upon re-organization becomes 


/.,S ■■ cj * 

m 


4n« 0 mr* 




33.31. University of Pittsburgh cyclotron has an oscillator fre- 
quency of 12 X 10 # cycles/sec and a Dee radius of 21 in or 0.533 

meter. 

The magnetic induction required to accelerate deutrons is 

_ (2*)U2x 10 8 /sec)(3.3x 10~ 27 kg) 

<7 1.6 X 10" l# coul 

= 1.6 webers/m*. 

Deutron energy. 

2m 

( 1.6 x IQ" 1 * coul )*( 1.6 webers/meter*')* (0.533 meter)* 
(2)(33 x 10~* T kg) 

=2.8 XlO -1 * joule. 
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-(2.8xlO-»joule)( | <x , l 0 ^ jou , e -)-17 Mev 

(a) 

• ATp ntp 1 
Kd~m& — 2 

or Aj>=l Ka=\ (17 Mev)=8.5 Mev 

(b) - v ° m 

<1 

By mp_ 1 
fid ~ma~ 2 


fip=| 5d=£ (1.6 weber/meter 2 )=0.8 weber/meter 8 

/ f \ ^_ q 2 B 2 R 2 (1.6x 10~ 12 e oul) 2 (1.6 weber'm 2 ) 2 (0.533 meter) 2 

2m ~ (2)(1.67 X 10 -27 kg) " 

-(5.57x 1 0- i oule)( IX x l |0 M ^ u|e ) 

=34.8 Mev 

(d) — fi<y (1.6 weber/m 2 ) (1.6 x IQ" 1 * coul) 

V °~ 2nm — (2n)(l 67 x 10~ 27 kg) 

=24.4 x 10® cycle/sec=24.4 Mc/sec 


(0 For ( a ) “ 


m s 

mj 


=2 


tf«=2Kd=(2) (17 Mev) = 34 Mev 


c ... fi* m<*lq<x 

F0r(W S ~m7lq* 


.*. fi« = fid= 1.6 weber/meter 2 . 

c _ / . «, (2x 1.6x 10 -19 coul) 2 (l .6 weber/m*)*( 0.533 meter) 

For (0 *. = (2)(6T8 xIO" 22 kg) 

=(5.57 x 10 -12 joule)(l Mev/1,6 X 10 -13 joule) 

= 34.8 Mev. 


F ... _ Bq (1.6 weber 'meter 2 ) (2 X 1.6 x 10 -1 ® coul> 

r (a) v °~ 2nm~ ' (2ir)(6.68 X 10' 27 kg) 

= 1 2.2 x 1 0* cycle/sec 
= 12.2 Mc/sec. 
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33.32. Total path length traversed by a deutron is 


L= 



2 ItRn — 2 71 


I 


Rndn 


-U) 


where R n is the radius of the n th orbit and N=number of revolu- 
tions that the deutron makes during the acceleration process. If V 
is the potential between the Dees, then in each turn energy picked 
up by the deutron is 2 eV; the factor 2 arises due to the fact that 
the acceleration occurs twice for a given orbit. The energy gained 
after n revolutions is 


K n =2eV n 


e i B i R\ 

2m 


R n =2VmnV/eB a 


Using (2) in (1), 

WSM 


V ndn~ 


3 V eB 2 ) 


...( 2 ) 


Now, N= 


total energy gained 


energy gained in each orbit 
17 X 10® ev 


K 

2cV 


(2)(8x 10 4 ev) 


= 106 


where tf=17Mev from textbook Example 7. 

l== 8* / (3 3 x 10~ 27 kgH8 x 10 4 volts) 

3 J (1.6 X 10“ 19 coul)(1.6 weber/meter 2 )* 
=(l06)® /2 =232 meters. 


33.33. The oscillator frequency at the beginning of the acceleration 
cycle, 



and at the end of the cycle 


V 0 ^jn 
v m 0 



1 

= / . (0.7C)* 

V c* 


= 1.4 
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33.34. (a) Set Bev=Ee 

v 4 2 Kim 

10* volts/meter 

V (2)(10 4 ev)(1.6 X 10 -19 joule/ev)/(9. l\< 10 - * 1 kg) 

= 1 .7 x 10“ 4 weber/meter*. 

Field of magnetic induction must be horizontal and to the left as 
one observes along v. 

( b ) yes. 

r, , E lO 4 volts/meter 

or pro on, v & — ^ j x jq- 4 we j, er / meter i 

= 5.88x 10 7 meter/sec 
Kinetic energy of proton, K=\ Mv* 

= \ (1.67 x 10“ 27 kg)(5.88 X 10 7 meter/sec)* 

° <2 - 89 x 10rM »*> ( f.6x 10 M » V joul C h 18 Mcv 

Thus a proton of 18 Mev energy will pass through the given com- 
bination of electric and magnetic fields undeflected. 




Fig. 33.35 
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SUPPLEMENTARY PROBLEMS 

5.33.1. If a positive test charge q Q is fired through a point and if a 
force F aqjs-artde ways on the moving charge and if the induction B 
is presenTat that point then the following relation is satisfied. 

F=/g 0 v x B 

Thus, the direction of F follows the rule for the vector product. 
The same result is obtained by the application of left-hand rule. 
On this basis particle 1 is positively charged as it is bending upward 
while B is acting into the page. Particle 2 is going straight undeviat- 
ed. So it must be a neutral particle. Particle 3 is bending downward 
and must be negatively charged. 

5.33.2. (a) Speed, v ~~~ 

_ (0.41 x 10 -4 weber/meter*)(1.6x 10~ 19 coul)(6.4x 10® meters) 
“ (1 .67 X 10" 27 kg) 

=2.5 XlO 10 meter/sec 

a value that exceeds the velocity of light. The fallacy is due to non- 
relativistic calculations. 

(b) 



S.33.3. Kinetic energy of the electron, A=1000 ev 

= (1000 eV)(l.6x 10~ 1# = 1.6 X 10 -16 joule 


K= | mv 2 


1= [ 2K _ /(2)( 1.6 xl O” 18 joule) 

V m V (9.1x10'“ kg) 

= J.88x 10 7 meter/sec. 
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The electric field, “O^Tm^ter volt/meter 

If the electron moves undeviated then the force due to magnetic 
field and electric field must be equal. 

Bev—Ee 



5000 volt/ meter 
1.88 X 10 7 meter/sec 


=2.66 x 10 4 weber/meter 2 


S.33.4. (a) The deflection is made zero if the electric force, Fe=QE, 
on the positive charge is equal and opposite to the magnetic force. 
If the velocity vector makes an angle 0 with the induction vector B 
then the magnetic force exerted on charge Q is given by 
Fb — QvB sin 0, the direction of the force is always perpendicular 
to the plane determined by v and B. 

Setting Fb=*Fe 
QvB sin %=QE 


The least value of B is given by the condition that sin 0 is maxi 
mum i.e. 0=90°, so that 



v 


The direction of induction ought to be from east to west so that 
the magnetic force may act vertically down in opposition to the 
electric field. 


( b ) From Eq. (1) it is obvious that by varying the angle 0 bet- 
ween the velocity vector and the induction vector, the magnitude 
of B would accordingly change. Thus, B is not unique for a given 
set of values of E and v if 0 is not specified. 


( c ) Energy of proton, 

AT= 3. 1 x 10® ev=(3.1 X 10® ev)(1.6x 10' 1 * joule/ev) 


= 4.96 x ICf 14 joule. 


Velocity, v = 



(2)(4.96 X10-“ joule) 
(1.67 xl0“ 27 kg) 


=7.7 x 10® meter/sec. 



v 


l, 9x 10® volt/ meter 
7.7 x 10® meter/sec 


=2.47 x 10 2 weber/meter*. 
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(d) Equating the magnetic force to the centripetal force, 

n mv% 

Bev= — 
r 

mv _ (1. 67 x 10~ 27 kg')!?.? x 10* meter/sec) 

° r r Be ~(2.47x 10~ 2 weber/meter)(1.6X lO -1 * coul) 

=3.25 meter. 

S.33 5. (a) Let an auxiliary resistance R 0 be connected in series 
with the galvanometer resistance R t so that the equivalent resistance 
is, R=R 0 +R t . 



AAMAA- 


Fig. S.33. 5 (a) 


By V=iR 

R=R 0 +R,= ~ 

R 0 ~ j-~ R » 


f ^W^ Tp "75.3 ohm=542 ohm 

( b ) Let the auxiliary resistance R 0 be connected in parallel to 
then 

i—ig+io •••(!) 

igRg^ IqRq •••( 2 ) 


/ 



o 

Fig. S.33.5 b 


Eliminating we get, 

_ j? g / g (75.3 ohm)(1.62x 10~ 3 amp) 

0_ i— »' p ~(50x 10~* amp — 1.62 X 10 - * amp) 

—2.52 ohms. 
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S.33.6. (a) Hall electric field, 


V 1.0xl0-» vo lt 

d ~ 0.01 meter 


= 10 • volt/meter 


£ U s =\ — Td x B 

_ Eh 10~ 8 volt/meter 
B ~~ 1.5 weber/meter 1 
=6.7 XlO*- 4 meter/sec=0.067 cm/sec. 


( b ) Current density, j— ~ 

A 


“ (10"m,.er)aO-> meter) ” 3 * 10 ’ an "’ /mele, ‘ 

The number of charge carriers per unit volume, 

_ JB (3 X 10 7 amp/meter 2 )(l . 5 weber/ meter 4 ) 
n eEH ( 1.6 X 10 _1# coul)( 10~ 8 volt/meter) 

=2.8 x 10 49 /meter 3 
=2.8 x 10**/cm*. 

See textbook Fig. 33.10 ( b ). 

For negative charge carriers, according to Fleming’s left hand 
rule, face y will be at a lower potential than face x. 


. . qB _(1.6x 10 -19 coul)(10 4 weber/meter 4 ) 
S.33.7. (a) v 0 = 2j;m (2«)(9.1X10" W kg) 

=2.8 x 10® cycles/sec 
=2.8 Mc/sec. 


(6) Velocity of electron, 

V 2 K _ [ Wo!Te Vx 1 6x 10~ 4 * jouie/evT 
"^"V (9.1 X 10-» r kg) 

=5.9x 10® meter/sec 

mv (9.1 X 10 - * 1 kg)(5.9x 10® meter/sec) 


Radius of curvature, r 


' Be (10 -4 weber/meter*)(1.6x 1Q~ 1# coul) 
=0.33 meter. 



34 AMPERE’S LAW 


34.1. Radius of wire is 

F=0.05 in 

=(0.05 in)^2.54x 10~ 2 5^^) = 1.27 x 10~» meter 

Field B at the surface of the wire 

/j-o i __(4rc xlQ" 7 weber/amp-m)(50 amp ) 

2nR (2rc)(1.27x 10~ s meter) 

=7.9 X 10~ 3 veber/meter 2 . 

34.2. Distance from the j>ov*er line is 

r— 20 ft =(20 ft)(o.3048 metcrs 

At the site of the compass, 

B - Hi l — ( 4k X 10~ 7 weber/amp-m)( l 00 amp) 

2 nr (2tc)( 6 meters) 

=3.3 X 10 -6 weber/meter 2 
=0.033 gauss/cm 2 . 

This value cannot be neglected compared to the horizontal 
component of earth’s magnetic field of 0.2 gauss. Thus, there will 
be a serious interference with the compass reading 

34.3. Near the electron, 

„ Mo i _ (4n X 10 7 weber/a mp-m)(50 amp) 

~ 2nr (2 k)( 0.05 meter) 

=2x 10 -4 weber/meter*. 

(a) Force on the electron is F=qy xB—qvB sin 0, where 0 is the 
angle between y and B. Set 0iz=9O 0 . 

F=qvB=(\.6x 10 -1 ® coul)(10 7 meter/sec)(2x 10~ 4 weber/meter 2 ) 
= 3.2x 10~ u nt, parallel to current. 

(b) Assuming that the velocity is parallel to the current, a force 
equal to 3.2 X 10“ M nt would act radially outward. 

(c) 0=0. Hence, F=0. 

34.4. (a) Consider a rectangular Ibop abed of length / enclosing 
a portion of the conductor, (Fig. 34.4 (a). 
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Apply ng Ampere’s law, 

/ B. dl=p 0 i 0 

Now, the contribution to the integral from the path ad and be is 
r ro as it is perpendicular to B. Furthermore, 


i 0 —irtl 


Also, B and d\ are parallel along the paths ba and dc and as their 
contributions are equal, 

2Bl—p 0 in / 



(b) At every' field point the horizontal component of B alone will 
be reinforced and the vertical component will get cancelled from 
considerations of symmetry and the direction of B will be as 
indicated in Fig. 34.4 (6). 



Fig. 34.4, (a) 


Fig. 34.4. (b) 


Consider an infinitesimal width dx through which a current di 
flows. Then 


di—ni dx. 


The field contributed by di at P is 


dB= 


2 rtr 


..( 1 ) 


m 


which is the differential form for the magnetic induction for a long 
straight wire. 



...( 3 ) 
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r=R sec 0 
x=R tan 6 

dx=R sec* 0 d0 ...(4) 

Using (1), (3) and (4) in (2) 

iB= ... (5) 

The induction B at point P is given by the integral, 

n/2 

5= J dB cos 0= j 

— tc/2 

where use has been made of (5). 


34.5. (<riJly-Amj>ere’s law, 

.</! = Mo ip~I ) v ..•(!) 

where i 0 is the current flowing through the body of the conductor. 
Now, 


fa (r 2 — a 2 ) _ i (r 8 — a 2 ) 
ts (6* — a*) ( b 2 —a 2 ) 


Evaluating the integral in (1) and using (2) in the right hand side, 
(B)(2nr)=p 0 i ^ 


or 


~ Mo [ (r*—a*) 
2n(6*— a 1 ) r 


...(3) 


This gives, for a=0. 

This is the expected result for 5 at a distance r from the center 
of a long cylindrical wire of radius fc, where r<6. 

(6) The general behaviour of 5 (r) from r=0 to r=oo is shown 
in Fig 34.5. For r<a, as there is no current flowing, B will be zero. 
For n<r<6, B is given by (3) and for r>b, B is given by 

_ (jo j 

2nr 


B 
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,34.6. (a) The net current passing through the conductor bounded 
by the closed path corresponds to that flowing through the liner 
cylinder above. 

Hence, by Ampere’s theorem 


or 


5=? 


2js a 2 


( b ) Here current through outer cylinder does not contribute to B. 
f B.dl—(B)(2nr)= p 0 i 

n— M- 
B ~ 2 nr 

(c) Here current through both the cylinders contribute to B, 




or 


B= 






(d) As the net current flowing through the closed path is zero, 
5=0. 


34.7. By Ampere’s theorem applied to the interior of the wire at a 
radial distance r, 
f B.</1=Mo»" 
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Where z'=/(r/a) a =current inside radius r. Current i is the current in 
the entire wire of radius a. 


d/>\_ Mo* ( r V- Mo*> 


Since the surface S is normal to induction, the flux is given by, 
B (r) dA=$B (r) Idr 
where l is the lebgth of the wire. 

* =/] 


2 ko* ° r 4 k 


Hence, the magnetic flux per meter of wire is 

jwof (4 k X 10~ 7 weber/amp-mete r) (10 amp) 

/ — 4k = 4n 

= 10~ # weber/meter. 

34 . 8 . (a) By Problem 34.7, in the interior of each wire (r<a), the 
flux per meter is 

^ H 0 j (4k X 10~ 7 weber/amp-m)(10 amp) 

/ 4k — 4k 

=10~® weber/meter. 

For antiparallel currents, the inductions are additive 

Hence, the flux/meter in the region r<a, for the two wires is 
2X10 -6 weber/meter, where a=0.127 cm is the radius of the wire. 
For the space between the two wires the flux is calculated from, 

d d 

2£/r<fe =a / | 

Y 2k J x k I 

-*■ It) 

(4k x 10 -7 weber/amp-meter)(lU amp; . / 2.0 \ 

~ k Vo.i 27 y 

«= 1 1 X 10 -# weber/meter 

where d is the distance between the centers of the wires. 

Therefore, the flux per meter that exists in the space between the 
axes of the wires is 

*( 2 x KTM- 1 1 X l0-«)= 1 3 X 1(T* weber/meter- 
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( b ) Fraction of flux that lies inside the wires is 

- 2 X 10~ 6 weber/mete r , 

13 X 10~* weber/meter 

(c) Since the inductions get cancelled for parallel currents, the 
flux/meter is equal to zero. 


34 . 9 . Field of a long wise is B=~—. 

Zi ir 

— (4nX 10~ 7 we ber /am p-m c ter)(100 am p) 
r 2 nB~~ (2rc)(50 X 10~ 4 weber/meter 2 ) 

= 4x 10~ 8 meter=4.0 mm. 

B will be zero along a line parallel to the wire and 4.0 mm dis- 
tant. Suppose the current is horizontal and in the direction of the 
observer, and the external field pointing horizontally from left to 
right, then the line would be directly above the wire. 


34.10. The current at a out of the plane of paper produces magnetic 
induction B,, at P at distance r, 
in a direction perpendicular to 
r x and is indicated by the arrow 
in Fig. 34.10 (a). The current at 
b into the plane or paper pro- 
duces magnetic induction B 4 a y 
P at distance r t in a direction 
perpendicular to r 2 . Resolve Bj 
and B 2 in a direction parallel to 
R and perpendicular to it. Be- 
cause B, and B, are equal in 
magnitude and are symmetrically 
oriented about R, the perpendicular components get cancelled and 
the parallel components are reinforced. 



B—B x cos cos $—2 By cos 0 

_2 pj d[2 wd 
2nr x r x 2tc/' 1 2 


where we have used the 


fact that cos 0= 


2r x 


Further, 



d 2 +4R 8 
4 


2p<>id 

K{d 2 +4R 2 ) 
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34.11. Choose the x and y axes parallel to the sides of the square. 
The magnetic induction B v B 2 , B a and B t due to currents 1,2, 3, 
and 4 respectively, at P, the center of the square, are indicated in 
Fig. 34-25 (a). 

As the currents are equal and the point P is located at equal 
distance from the site of the currents, 

B x — B t — B 3 = B t 

Resolve B lt B a , B a and B t along x and y axes; we note that the 
resultant of x-components vanishes. The y-components reinforce 
and the net induction is 



B—4B x cos 0 


» - ^ ‘ 0, 

Bl ~ 2rt, 

...(2) 

where r x is half the diagonal. 


a 

r '~ 42 

...(3) 

cos 0=cos 45°=l//2 

•••(4) 

n 4/tj/ COS 0 

B &n 



_ (4)(4« x 10~ 7 weber-amp/meter(20 amp)(l// 2) 
“ (2u)(0.2 meter)/ V2 

=8 x 10 _# weber/meter*, along y-axis. 
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34.12. We wish to calculate the force 
due to wires 1, 3 and 4. Since the 
currents in wires 1 and 2 are paral- 
lel, the force F tl per meter on wire 
2 due to 1 is attractive and is direc- 
ted up, the magnitude being given 
by 


per meter acting on wire 2 


^2. 




/Vd* 


2nd 


(4nX 10~ 7 weber-amp/m)(20 amp) 1 
~ (2n)(0.2 meter) 

=4x 10~ 4 nt. 


The current in wire 2 and 3 being 
anti-parallel, the force of 3 on 2 will 
be repulsive and acts towards left. 


.23 


^7 


A 


24 


it 

Fig. 34.12 


P _/vVa (4«x 10~ 7 weber-amp/m)(20 amp) 2 
* 3 ~ 2 na ~ (2n)(0;2 meter) 

=4x 10~ 4 nt. 

Similarly, the force between wires 4 and 2 will be repulsive, along 
the diagonal joining 4 and 2. 

F _ /V *'4 (4n X 10" 7 weber-amp/m)(20 amp)* 

u ~2n(V2 a) ~ (2tc)(v'2)(0.2 meter) 

=2V 2x 10“ 4 nt. 

The x-coroponent of the net force 

F,=F„+F 24 cos 45°=4x 10~ 4 nt+2x 10" 4 nt=6x 10~ 4 nt 

t 

The y-component of the net force 

F,—F n —F u sin 45°=4x 10~ 4 nt-2xl0~ 4 nt=2xl0~ 4 nt 
The magnitude of the force is F = 

=V(6x l(T 4 nt)*+(2x 10* 4 m)*=2v/T0 x 10" 4 nt. 

It is directed at an angle 0=tan 1 -=- = tan 

t y ix iu • nt 

=tan -1 3=71.6° with the y-axis towards left. 


34.13. The longer sides of the loop alone contribute to the force. 
In the left vertical branch of the loop the current is parallel to that 
in the long wire. Hence, the force is attractive while in the right 
branch the current is anti-parallel and hence repulsive. The resul- 
tant force acting on the loop is 

p 1‘q Vit l |fo jijzj — Mo *1 *2 f_b _ 

2 na 2n (fl-f-i) 2 no (o+6) 
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_ t4nX 10~ 7 weber-amp/m)(30 amp)(20 amp)(0.3 meter)(0.08 meters) 
(2*)(0.01 meter)(0,01 meter+0.08 meter) 

—3.ttX 10 -3 nt, directed towards the long wire. 


34 . 14 . Field on the axis of a circular loop is 

Rs= Mo 

2 (R*+x 2 )*' 2 

Let there be n turns per unit length of the solenoid. Consider an 
elementary length of the solenoid. The number of turns in the 
length dx is ndx. The flux dcnstiy at a given point on the axis set 
up by a current i in the element of length dx is 

Mo dx 
2 ( R 2 +x 2 ) 3 / 2 

With the change of independent variable 0 defined by 
x~R cot 8 
dx^—R cosec 2 6 d0 


»= Mo W/ft f dx 

2 J . (R 2 +x 2 ) 2 ' 2 


0 

Mo niR 2 f (— R cosec 2 0 r/0) 
2 J (R 2 +R 2 cot 2 0) 3 / 2 


__ Mo ni 
2 


sin 6 r/0 


34 ^ 15 . Induction set up at P due 
to current i flowing through one 
of the wires at the sides of the 
square in the elementary length 
dx (Fig 34.15) is, 

Mo idx sin 6 


dB= 


4 nr 2 





{x 2 +a 2 / 4)»/» 


0 


Mo n ± 
2 


cos 0 


“Mo I" 


n 
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Set x—a/2 cot 6 

dx— —a/2 cosec* 0 dO 


We get, B- — 


Mo i_ 
2na 


45 ° 

sin 0 df) ~ 2 ^~ cos ® 

135 ° 


45 °' 

135° 


_ Mo J 
2 na 

Since B due to the four wires at the sides of the square is set up 
in the same direction, the value of B at the center is given by. 


B(Kesulta n t) = 4B= 


4 mo i _ 2 V - 2 jj 0 i 

/2 na na 


34.16. (a) We first consider the induction at P due to current i 
flowing through the top side of the square, Fig. 34.16. As the point 
P is symmetrically situated about the square, the induction due to a 
^ tght conductor of length (top side) is 



where wc have used the relation 

cose^ ...(2) 

Resolve B into two mutually perpendicular components, Hu 
along the axis of the loop and B± perpendicular to it. |lt is seen 
that Bjl gets cancelled by the contribution of the current flowing 
through opposite side of the square. On the other hand, the com- 
ponents B\ are reinforced. 

5, ,=1*1 cos a •••(3) 

Thus, the induction at the point P due to the entire loop is given 
by 
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B(i 0C p)=4Bn—4B cos «= 


H M 


jirA 


-cos a 


where use has been made of (1) and (3). 


•••(4) 


cos a= 


2 R 


R 2 —x 1 +- 


...(5) 

...( 6 ) 


'+'?y 

Using (5), (6) and (7) in (4) and simplifying, 

R , 4m 0 ia 2 

(,ooV) it(4x 2 -t-a 2 )(4.x 2 + 2a 2 ) 1 12 

(b) Set jc=0 
B^- 


• ••(7) 

...( 8 ) 


which is identical with the result of Problem 34.15. 

(c) For x ^ a, the terms a 2 and 2a 2 in the denominator of for- 
mula (8) can be neglected. Then (8) reduces to 


B= 


to 8 

2jix* 


••(9) 


On comparing (9) with formula (10) for the magnetic field at 
distant points along axis 


B= 


MoM 

2tCJC* 


...( 10 ) 


We conclude that the square loop behaves like a dipole moment, 
with the dipole moment givfcn by 

ju=/a 2 . 


34.17. (a) Consider a typical current element dy. The magnitude of 
the contribution dR of this element to the magnetic field at P is 
found from Biot-Savart law and is given by 


dB= 


ju 0 idy sin 6 
4« r* 




Since the directions of the contributions dB at point P for all 
elements are identical viz., at right angles into the plane of figure, 
the resultant field is obtained by simply integrating (1). 
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112 

B = \ «- # | sjnj^dv 

-112 

But sin 0= — 

r 



11 2 

Ill 

n Ho *R 

f 

dv _ a‘o i R f 

4* 

J 

r 3 4 k J 


-H 2 

-7/2 



U 2 

_ Ho iR 

1 

y 1 

4it 

/?* 

4 y* + R* ! 



-Ill 


Po a 

2 isR (/ 2 +4/? 2 ) 1 ' 2 



( b ) If /-► oo then the term 4 R* can be ncglec*ed and B > 

a result which is idedtical with that expected for a current in a 

long straight wire. 

34.18. The magnetic induction at C due to a current clem, tit <7 V . 

given by 

dB— -° - si — 0 — 

4nr ? 

(a) Here 0=0 for the left straight branch and 0 — 1 KO • for tbe 
right straight branch. In either case B— 0. 

(h) Here 0=90° since the radius of the semi-circlc is perpe . :i i.: c 

to current element. Setting r—R 
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I * o i sin 90° 
B ~ 4 nR> 


nR 


1 





(c) Since the straight portions of the wire do not contribute to B, 
the value of B due to the entire wire is the same as that for the 


semi-circle viz., 


H± 

4 R 


34.19. (a) The magnetic induction at the center of the circle due to 
current element dx in one side of the polygon is 
dB , /y sin 8 dx 
4«r 2 

Since dB' points in the same direction viz., into the plane of 
figure at right angles for all the current elements the contributions 
to the field is obtained by integrating the above expression and 
multiplying the result by the number of sides (Fig 34.19). 


I 



sin 0==— 

r 

n 0 ibdx 

4wr» ”4nU i -f-6*) 8 / 2 

// 2 // 2 

q* t^oih i dx^ 2/j.Q ib f dx 

4* J {x 2 +b*)*/ i ~ ~4n~~ J 
- 112 0 
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1ft 


II 2 


But 


Jo? 


dx 


+W ,t ~bW*+F 

l 


112 


bWil'ft+b*) 


It 

=~r 2 sin — 
b* n 

nf Mo to 1 . w Mo* • « 

^ ^ «2 sin • — « , sin 

2rt £r n 2 xb n 


b~a cos- 


• d' Mo 7 A rc 

.. # — - tan — 

2 na n 

The magnetic induction at the center of the circle due to n sides 


is 


8=„B=«! tan— 
2 ita n 


( b ) As «-> oo, tan - ■ - 

n n 


B-> ? 

2a 

a result which is identical for H of a circular loop. This is reason- 
able since as «~>oo, the polygon~>eircle. 


34 20. (n) Using the result of Problem 34. 1 7 we find at the center of 
the rectangle, the induction 

IPoil 2 

Bl " 2nUU2W /• - I'd 5 "" nd*I /*+</* 

where the factor 2 in the numerator takes care of the two longer 
sides of the rectangle each of length /. Similarly, for the shorter 
sides each of width </, 


B t = 


2/yd 

dJl'+d* 


B—Bi+Bi- 


V oL 



2*,/(/ a +<W 

nld 


( b ) If / > d 

2^1*1 l t +d i _ 2^ 0 // _2m„' 

n/rf ~~ nld ~ ltd 
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where we have neglected d 2 under the radical . This is the expected 
result for the value of B raid-way between two parallel long condu- 
tors separated by distance d. 

34.21. The field at any point P on the axis due to the left coil is 

n __ Po± N R*j 
1 2{R*+x*)*i* 

where x is measured from the center of the coil. 

As the distance is being measured from P, the middle point of the 
separation of coils, replace x by x+(/?/2) in the above expression. 
Similarly, for the second coil, replace x by (/?/ 2)—x. Hence, the 
resultant, 

_ itp iNR* f 1 1 \ m 

2 \[K*+Cr]2+xWI* + [/? 2 +(*/2-x) 2 ] 3 /M ”‘ W 

Fig. 34.21 shows the plot of B versus x for the given data. 


<N» 

e 



34.22. The resultant field due to the two coils at any point a dis- 
tance x along the axis from the center of the left coil ir ' 


H 0 iNR 2 ( 1 1 

2 lU*+x i j i 7 r+ [/l l +(z-- *)•]•/• 


-0) 


For the purpose of investigating the variation of B with x we can 
ignore the constant factors | p 0 iNR 2 . We then find upon differen- 
tiating B with respect to x. 


TiB _ 3 2x 3 2(z— x>( — 1) 

dx 2 (>xx*)M 2 [R'Hz-xY*!* 
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Set x—R/2 and z—R . Then we find upon substituting these values 
in the above expression that dB/dx—0. Differentiating (2) once 
again with respect to x, 

b*B _ ,3 x | -, 3 (z— x) 

ax 2 ' ax (Rt+x 2 ) 5 ' 2 ^ ax [r 2 -hz-xY]*i 2 


+3 


[ 


S (/? 2 +x 3 ) 6 / 2 — x (S/2)(2x)(/? a +x 2 ) 3 / 2 ~1 

L (^ 2 +x 2 ) 6 J 

/? 2 +(z— x) 2 (5/2)( — l)—(z— s)(5/2(2)(z— x)( — x) 2 ]*/ 2 


[(fl 2 +(z-x) 2 ] 5 

Set x—R/2 and z—R, then 

d 2 B n 

8F-°- 


1 


34.23. The direction of B at both the points a and b is perpendicular 
to the plane of paper upwards (Fig 34.23). 

The field at a is contributed by there paths, I, II and III and is 
calculated as follows: 

Ba=Bi+B„ -f- Bui 


Following the methods of Problem 34.17, 


00 



0 


Rdx 

(x 2 +R 2 ) al% 


_Mo i 
4 nR 


cos 


0 

_ Mo i 

4nR 

90° 





Fig. 34.23 


Following the method of Problem 34.18, 


Bn 


Mo i 
4 R 


Also, Bin 


Mo j 
4 nR 


Ba 


_ Mo i ( 1 , . ■ \ Mo i (2n -FI ) 

4 R\n ) 4 kR 
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_ (4itX 10" 7 webcr/amp-m)(10 amp)(2« +l) 

(4«)(0.005 meter) 

*=1.03x 10“* weber/meter*. 

The field at b is mainly contributed by the paths I and III, the 
contribution by the path II being zero. 

Bb=Bi+Bm 


Here, 


MoL f RAx ■ — Pq i 

4« J (x*+ A*)*/* 2 nR 

—00 


Similarly, Bin <*= 

• d _ Mo » i Mo i =. Mo /_(4#x 10 -7 weber /amp- m)( 10 amp) 
2nR 2nR nR («)(0.005 meter) 

=8x 10~ 4 weber/meter*. 


34.24- The field due to a straight conductor carrying current i at 
the point P at distance R is given by, 

x t 

n Mo jR f dx 

4* J (jc*+H*)Wv 

Xi 


- Mo/# x 

4 *R V x'+R* 

*1 


• • • 


0) 


It is seen that contribution to B at P from the left path (AJ and 
top path (As) will be identical. Similarly the contribution to A at P 
from the right path (A,) and the bottom path (A<) will be identical, 
the field in each case pointing in the same direction viz., into the 
paper perpendicular to the figure. 


A-Aj+A.+A.+A, 

•••(2) 

3a/4 


» n X j 

B ‘~ B ‘~*«*H) v?+57i« 1 

— a/4 

•(3) 

where we have set, A— 

•••(4) 
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Also, 


ho 1 


4n(3o/4) 


<J*‘+ 


9a l 

16 


3a/4 


— a/4 


(5) 


( 6 ) 


where we have set R=3a/4. 

n -ft _ W J + \ 

* 3 3na l V 2 VfO / 

Using (4) and (6) in (2), 

8=- 2 3 £VlO-+2V2) 

_ (2)(4tc x 10~ 7 weber/amp-m)(10 amp)(sf 10 + V 22 ) 
(37t)(0.08 meter) 

=2 x 10 -4 weber/meter*. 

?4.25. (a) Consider a ring of radius r and width dr concentric with 
the disk. Then the charge associated with the ring is 

, ( 2nrdr ) 2 qrdr 


•( 1 ) 


The current is the rate at which charge passes any point on the 
ring and is given by 

i—vdq •••(2) 


where, v= — 

is the rotational frequency of the disk. 
j*o £_ M 0 vdq 
It 2 r 

where use has been made of (2). Using (1) and (3) in (4). 


dB* 




•••(4) 


jn_ Mo uqdr 
dB 2 nR* 


B- 


Mo u j 
2 nR' 


dr- 


_Mo_^_ 

2nR 


(b) 


i—^da— — 2qr - - wqrdr 
^ 2n R' nR* 


Contribution to the magnetic moment is 
. . . (tuqrdr) . a >qr* dr 
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34.26. For a square of side a, 

4a— I 


...( 1 ) 


By Problem 34.15 the induction at the center of the square 
D 2/2fi 0 i __8 V 2 /v 

D& — : 

K(l T Zl 


is 

...( 2 ) 


where use has been made of (1). 

For a circle of radius R, •••(3) 

2nR—l 

The induction at the center of the circle is 


Be 


Ho J_ 
2R 


„ Mo ' 

' r 


where use has been made of (3). 


Dividing (21 by (3), 


B. = 8_/_2 

Be ** 


— 1.15 


•••(4) 

-(5) 


As the right hand side is greater than unity, we conclude that 
B,>Bc , i.e. the square yields a larger value for the magnetic 
induction at the center than the circle. 


34.27. (a) The magnetic induction set up by the large loop at its 
center is 

n _Mo i _ (4k x 1CT 7 weber/amp-m)(15 amp) 

2 R (2)(0.1 meter) 

=9.4 x 10"® weber/meter 1 
( b ) Torque, t =pB sin as 0=90°. 

as 0=90° 

Here, i*=NiA—( 50)(1.0 amp)K(0.01 meter) 1 

= 1.57 x 10~* amp- meter* 

t=( 1.57 x 10"* amp-meter*)(9.4 x 10“* weber/meter 1 ) 
»1.48x 10"« nt-meter. 

34.28. Applying Ampere’s theorem to the rectangular loop abed as 
in Fig. 34.28. 
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as no current flows. Further, assume that the magnetic field drops 
to zero along the side cd. 



Fig. 34.28 

Now, the contribution of the path be and da is zero to the 
integral as B is perpendicular to ad and be. Also, the path cd does 
not contribute anything as by our assumption B is zero along cd. 
The only contribution to the integral then comes from the path ab. 
If the length ab is L, then 

BL—0 
or B = 0 

along ab, which is absurd. We, therefore, conclude that our assump* 
tion that the field along cd is zero is wrong. 


SUPPLEMENTARY PROBLEMS 

S.34.1. The wires labeled 1, 3, 6, and 8 above are within the closed 
path. According to Ampere’s law, 

/ B.dl—ffi ...(1) 

Here, the direction of traverse around the loop is clockwise when 
one faces the loop, and the current is considered positive if its 
direction is away from the observer. 

As in the present case the direction of traverse around the loop is 
counter-clockwise the integral > ields a negative sign for the right 
hand side of (1) with the current into the plane of paper as positive. 

/-=*/* ; (*«- 1. -3, +6 and +8) 
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By Problem, 

/= - 1 0 - 3/ 0 +6/ 0 + 8/ 0 = 10/ o 
Thus, f B.dl= — l(V 0 t 0 . 

S.34.2. One must consider the effect of the magnetic field due to the 
current i x (Fig. S.34.2) on segments like A and C on the conductor 
carrying the current The net result is that the torque tends to 
align the conductors with the currents running parallel. When this 
state of affairs is reached the conductors with parallel currents will 
begin to attract each other. 



Fig. S.34.2 



S.34.3. Consider the force/meter on wire 
As the currents in the wires are equal, 
i 1 =I 2 =/ 1 =i 4 =i. The force of 2 on 1 per 
meter is given by 

f — M o*l. 

“ 2«a 2 na 


acting along the line joining 1 and 2. 

Similarly, the force of 4 on 1 per meter 
is given by 




2#a 


labeled 1 by 2, 3 and 4. 
!l ?> JS> 3 


✓ 

/ 

/ 



acting along the line joining 1 and 4. 


Fig. S.34.3 
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As the magnitude of F n and F iX are equ al and as they act at right 
angles their resultant^ which is given by V F ll 2 +F 41 a = 4 2 F iX , would 
lie along the line joining 1 and 3. 

Now, the force of 3 on 1 is given by 
f - /i °' 2 - 

2^2 a) 

along the line joining 1 and 3. 


Hence, the resultant is given by 


F=<f2F n +F„- 


A* o* 


2 na 2nV2 a 



Vo*' 2 3 V 2 a* 0 » 2 

2/2rca 4 ita 


along the line joining 1 and 3, i.e. towards the center of the square. 


S.34.4. The magnetic field at P, the center of the hole, is obtained 
by considering it to arise due to two current densities (Fig. S.34.4), 


O') a current density, j— i/n (R 2 — a 2 ) carried by the cylinder of 
radius R, and 


(//) a current density —j carried by a cylinder of radius a. The 
resultant magnetic induction is the vector sum of the effects under 
(/) and («). The contribution due to (i) is obtained by applying 
Ampere’s law. 

/ B.dl~Y = 

<»»«»- (^Sj ' 


or 


B= 


Poib 

2n(R 2 —a 2 ) 


The induction at P due to equi- 
valent solid conductor of radius a 
carrying an assigned current oppo- 
site to the above is zero as no 
current will be contained within 
the path of zero radius. 

The resultant magnetic induc- 
tion at P, which is given by the 
summation of the two foregoing 
factors is then 




P*lb 

luOF-a*) 



Fig. S.34.4 



188 Solutions to H and Physics— It 


S.34.5. The resultant B at the center C of the circular loop may be 
considered as the superposition of fields B t and 5, in the upper and 
lower semi-circles respectively. Now, the current / divides itself 
equally in the two semi-circular paths. By Problem 34.18, the con- 
tribution to the induction from the upper semi-circle with the 
current running clockwise would be 



into the plane of this figure at right angles to the page. An equal 
contribution to the induction is made from the lower semi-circle 
viz.. 


But since the current is running in the counter-clockwise sense, B t 
will be pointing out of the page at right angles to the plane of the 
figure. Thus, the resultant induction B=Bi+B i =0. 

S.34.6. (a) According to the Biot-Savart law, dB is given in magni- 
tude by 

u , dx sin 6 

Jaa=-T- 5 

4n r 1 

As the points S and P lie on the axis of the current 0=0 for all 
the elements of the wire and consequently, Bv=B$— 0. Let us cal- 
culate the induction at Q. From Fig. S.34.6 (a), 

sin 6=sin (n— 0)= k. __ 
r 
I 
I 
I 

4 I 


■1 


Fig. S.34.6 (a) 




L 

7F+L* 


Fig. 34.6 (b) 
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0 4* J (x a +Z*)*/* 
0 

x—L tan y 
dx—L sec* l ib-dy 
45 ° 


Th '»> ' 


^ 2 


4n£ S,Q Y I 4V2 nL 8tc L 


into the plane of paper. 

Finally we calculate Br. From Fig. 34.6 (6), 
j n A*o* dx sin 6 


• fl _ L _ .L 

In r ~Vx*+L a 

B o f Ldx 

4n J (x a +L a )*/* 

x—L tan y 

dx—L sec* y dy 


Then 


• I 


fV f L* sec 2 y dy 
In J L* sec 3 y 


“S 1J COSY ^ == 4% sinY | 

0 0 

Mo£ f»otV2 

~4V‘2nI" 8n£, 
into the plane of figure. 

(fi) Calling the induction at T due to the sides labeled ! 2, 
of the closed loop, by B u B 3 we have 

* i =-* 4 = 0 

B > B * ST 
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16 na 




__ 2(fi 0 i V_ 2) 2( fcpi V 2) ftp/ V 2 
8na 16 «a — 8 na 
in the plane of figure. 

S.34.7. Using the result of Problem 34.18, the induction at C due to 
the inner semi-circle of radius jR x is, B l =i* 0 il4R 1 (current being 
clockwise) and that due to outer semi-circle of radius R a is 


Unt 

(current being counter-clockwise) 


The straight sectors AH and JD which upon extension pass 
through Cgiv; ^ero induction. Therefore, the resultant induction 
at C is, 


B=B, + 3 t =: 


Moi 

4Ri 


i_ _ j_ \ 

4;?,“ 4 Ui r 2 ) 


into the page. 

S.34.8. Due to inner arc, the induction at C is 

1 "' 4^1 * 

where a =90°. Also dx=R x d 0. 


K- 




47C/?! 

Similarly, due to outer arc, 

t* o/e 


B. 


4n/?a 


the negative sign arises due to the fact that the current has reversed 
its direction. As the radial part of the path points towards C, it 
does not contribute to the B. Therefore, the resultant induction is 


B—B x -\-B t — 


f*qi0 / J_ 
4* V Rx 



S.34.9. (a) The resultant B at the center is given by the superposi- 
tion .of B, due to the straight conductor and B e due to the circular 
path, both of them being directed out of the plane of figutc. 

o Moi 
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o Mo* 

B ‘~~2R 


P$L , Mo* 
- 2w^ + 2tf~ 



out of the page. 

( b ) As before B, points up out of the paper. But, now Be lies in 
the plane of paper being in the direction of the current in the 
straight conductor, its magnitude remaining the same as before. At 
C, the resultant induction is given by 



out of the page. 



35 FARADAY’S LAW 


35 . 1 . The induced emf, 

at 

where N is the number of turns, and is the rate of change of 
flux. 


Now, <i>B=BA 

where A is the area of cross-section. 


Change in fllux A &B for each turn of the coil is 

&<!>b—A A5=(0.001 meter 2 )(2 weber/meter 2 ) 
=2x 10 -8 weber. 


since the magnetic induction changes from 1.0 weber/meter 2 
to —1.0 weber/meter 2 . 

The current i is given by 

■__E AT A _A q 

1 R R At At 

The quantity of charge A g flowing through the circuit is 


. N (100)(2xl0~ 8 weber) 

A? =_ A ^= (|0ohm) 

> =2x 10“* coul. 


^35.2. The long solenoid of Example 1 has tZOO turns/cm and 
carries a current of 1.5 amp; its diameter is 3.0 cm. The current 
in the solenoid is reduced to zero* and then raised to 1.5 amp in the 
other direction at a steady rate over 0.05 sec. 

Cross-section area of the solenoid, 

A— — ^-(0.03 meter) 8 
=7x 10 -4 me f er 2 


Field B in the solenoid 

ftoni=(4ny 10~ 7 weber/amp-m)(200x 100/meter)(1.5 amp) 
=3.8 X10 -8 weber/meter 2 . 
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•f>B~BA— (3.8 x 10~ 2 wcber/meter 2 )(7 x 10 4 meter 2 ) 
=2.66 XlO -5 weber. 

A<f>B—2x2.66x 10 -8 weber=5.32x 10' 5 weber 

Rate chanee of flux, — 

At 0.05 sec 

= 1.06x 10~ 3 weber/sec. 

The current in the coil is 

,= l I 'Z f “(5^5 (l - 06x 1(r ‘ webcr/sec) 

=2.1 X 10 -2 amps. 


35.3. As the loop is woi ed, it normal rotates about the field 
direction at a constant angle of 30°. In this process the lines of 
force cutting the loop would not vary. Hence, in accordance with 
Faraday’s law no emf will be produced in the loop. 


35.4. Area of cross-section of the loop, 

D a =-^-( 0.1 meter) 2 
=7.85 x 10 -s meter* 

Length of wire, /=rc£>=n(0.1 meter)=0.314 meter 
Area of cross-section of wire, 

a=-j </*— -^-(0.1 X 2.54 X 10~*m)* 

=5 X 10~* meter 2 . 


Resistance of the wire, R=plla 


or 


(1.7x10 8 ohm-meter)(0.314 meter) 
(5x 10 -# meter*) 


= 1.05x 10~*ohm. 


1 a 

1 R R dt 

dB_ iR _ (10 amp)(1.05 X 10~* ohm) 
dt A A (7.85 X 10~* meter 2 ) 

= 1.3 weber 'meter^sec. 


35.5. Mass, m=al do 

=(wr*)(2*R) d 0 ...(1) 

where d 0 is the density of copper, / the length of the wire and 
a*=nr* t the cross-section area of the wire. If A is the area of the 
loop and Rq the resistance then the induced current in the loop is 

. A dB *R*dB 
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Bui 


„ _ p/ __ p(2tt/?) __ 2Rp 
0 a nr 2 r 2 


Use (3) in (2) to eliminate R 0 , 

it Rr^_ dB 
l ~ 2p dt' 

From (1) we have, 


..•( 4 ) 


nRr 2 =- 


m 


2nd 0 

Use (5) in (4) to find 

dB 
dt 


m 


Atzpdo 


...(5) 


..( 6 ) 


It is clear from (6) that i is independent of / and r (size of the 
wire) and R (size of the loop). 


35.6. Radius of the wire, r=0.02 in. = 0.02x2.54xl0 2 meter 

=5.08 X 10~ 4 meter. 

Area of cross-section of wire, a=irr 2 =7c(5.08x !0~ 4 meter)* 

=81 X 10~ 8 meter*. 


Resistance of the wire, 


_ p/ _ (1.7xl0~ 8 ohm-m)(0.5 meter) 
°~ a (81 x 10~ 8 meter 2 ) 

= 1.05 X 10~* ohm. 


Radius of the loop, R=J~ — =7.96 x 10~* meter. 

2n 2n 


Area of the loop, A—nR 2 =n{7.96x 10" 2 meter) 2 
=0.02 meter 2 

dBjdt — 100 gauss/sec =10 -2 weber/meter*-sec. 

Induced emf, £=>4^- =(0.02 meter*)(10~* weber/meter*-sec) 
dt 

=2x 10 -4 volt. 

, . . .. „ £*_ (2 X 10~ 4 volt)* 

Joule heating, Pj=,‘R„= 105xl0 -. ^ 

=3.8 x 10'* watts. 

> 

35.7. As the north pole enters the coil the direction of current in 
the face Si of the coil is counter-clockwise, Fig. 35.7 (a). The 
current rises to maximum when the magnet is half /way through, 
and as the magnet continues to move in the saipe direction the 
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current in the coil decreases but continues to flow in the counter- 
clockwise sense as viewed along the path of the magnet. Fig. 35.7 ( b ) 
shows qualitatively the plot of /' the current as a function of x, the 
distance of the outer of magnet from the center of the loop. 

Joule heating is given by Pj—i 2 R. Fig. 35.7 (c) shows the qualita- 
tive plot of Pj as a function of x. 


s \ S s 2 





Fig. 35.7 (b) Fig. 35.7 (c) 

35.8. (a) The magnitude of the emf induced in the loop may be 
computed from the rate of change of flux through the loop. 

Let the plane of the^loop make an angle a with the normal to the 
field. Then the flux through the loop is 

$=AB cos a “’(l) 

where A is the area of the loop. The rate of change of flux is then 

^ =—AB sin a— -(2) 

dt dt 

The induced emf is 

E— — N~ — NABco sin a ...(3) 

at 

where w-dcu/dt is the angular velocity of the loop and N is the num- 
ber of turns in the loop. 
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Put, oj~2v:j 
A= a b 
a —u)t 

Eq. (3) becomes 

E=2nv Nba B sin 2wd — Ea sin 2 nvt ••■(4 

where E 0 — 2jcv Nba'-B is the maximum value of the induced emf. 
(b) From (4) we have, 

... E a 150 volt 

/V A =*. — ~ 

2itv# (2 tc)( 60 rev/sec)(0.5 weber/meter) 2 
--- 5/2 tc turn-meter 2 

35.9. By Problem 35.8 we have- 

E~~2Kvi\'baB sin 2xcvr— E a sin 2 nv/. 

The amplitude of the induced voltage is 
Eo—2izjNba B— 2wN AB 

where we have set ba--A, the area of the loop. 

Putting A= nR 2 /2, the area of semi circular loop, and N— 1, 
we have 

Eo r ts 2 v R}B 

Amplitude of induced current is 
. _ Eg _ ic tvWB 
10 Rm Rm 


35.10. The emf developed between the axis of the disk and its 
rim is 

r BwR 2 

E 2 

=K1.0 weber/meter*)(2n x30 rev/sec)(0.05 meter) 2 
=0.24 volts. 

35 . 11 . E=Blv—3v ( b-a ) 

Now, B(r)=-^ 

2rc r 

b b 

B=nr~\ f KO > f --r-fir—A- 
(o— a) J 2% (6— a) J r 2rc (6— a) a 

a a 
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_ ( 4 tcx 10~ 7 weber/amp-m)(100 amp)(5 meter/sec ) / 20 cm \ 

2 ji n \ 1 cm/ 

=3 X 10 -4 volt. 


35.12. ( a ) Force acting on the wire is 
F=id X B~idB 

Acceleration, a= — = 

m m 

At time t, velocity is given by 

idBt 


V — 04 ~at—~ 


m 


The direction is from right to left. 
(6) By Faraday’s law 
„ d<j>B 


dt 


- Bdv 


v— 


Bd 


(c) The terminal speed of the wire is VT=E/Bd. The wire is being 
resisted by a constant force F so that it is moving with constant 
speed v. 


Now, F=Bid 

and the rate of working is 
P—FvT—Bidv-r 


-d) 


...( 2 ) 


But the induced emf is equal to the rate of change of flux through 
the circuit enclosed by the moving wire and the two rails. 

E—B~-=Bdv T ...(3) 


where A is the area of the circuit. In order to provide current 
against the induced emf defined by (3), the battery must work at 
the rate 

Ei<=*Bdrri—P ...(4) 

where use has been made of (2). Thus, me entire work is done by 
the battery to slow down the wire to constant speed (terminal speed), 
the induced emf getting completely cancelled by that provided by 
the battery so that the net current in the circuit is zero. 
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35.13. (a) -^~=12J+7 

at 

| E | = | =(12 X2 + 7) milliweber/sec 

r=2 

=31 millivolt 

(b) Direction of current through R is from left to right. 

35.14. (a) The emf induced in the rod is 

E—Blv—il.Q weber/meter 2 )(0. 5 meter)(8 meter /sec) 

=4.0 volts. 

From Lenz’s law E must be counter-clockwise. 

(h) Force required to keep the rod in motion is 

B*l*v _ (1.0 web er/m eter 2 ) a (0.5 meter) 2 (8 meter/sec) 
R (0.4 ohm) 

= 5.0 nt. 

(c) Rate at which mechanical work is done by the force F is 

Joule heating is 

B^l 2 V 2 

Pj ~ R 
P=Pj 

Thus, mechanical power=electrical power. 

P=Fv—{ 5.0 nt)(8 meter/sec) =40 watts. 


35.15. (a) Gravitational force acting on the wire down the rail, 

F g =mg sin 0 ...(1) 

The component of magnetic induction normal to the plane of 
rails is B cos 0. The magnetic force on the wire up the rail is 


_ B 2 cos 2 0/*v 
Fm= = 


...( 2 ) 


For steady state velocity, the net force must be zero. That is 

Fm=*F$ 


or. 


B* cos* 0 /*v 

R 


=mg sin 6 
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whence, 


tngR sin 0 
V B*l 2 cos 2 0 


...(3) 


(b) Gravitation does work at the steady rate of 

P=F a v~mgv sin 0 •••(4) 

where use has been made of (1). 


Joule heating is given by 


Pj 


B 2 cos 2 0/ 2 v 2 

_ 


—mgv sin 0 


-(5) 


where use has been made of (3). Since (4) and (5) are identical we 
conclude that Joule heat appears in the resistor at the same rate as 
that done by gravitational force — a result which is consistant with 
the conservation of energy. 

(c) If B were directed down, then the force due to magnetic in- 
duction would have a component down the plane of rails and would 
reinforce the component of gravitational force and the net force 
would be 


F(„ct) — 


B 2 cos 2 0/ 2 v 

R 


+mg sin 0 


The wire would therefore, suffer acceleration, acquiring ever 
increasing speed, this being the case of non-uniform acceleration. 


35.16. The induced emf is 

„ Nd 4 >b 

E= ~ ~dT 

. dq E JV dj>o 

l ~dt ~ R ~ R dt 

dq— — ^ d<f>B 

^dq^q=--j | d<f>B— ~~ <f>i) 

35.17. Magnitude of emf developed is 

_ d<j>B .dB , dB 

E=-y- =Aj-=nr i ~. 
dt dt dt 

Electric field Ee at a distance r from the center is 
„ £ nr * dB 1 dB 
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Force on electron is, 


F=Ece=? 


e dB 
2 r dt 


Acceleration is, 

= _F \ e_ dB 

m~ 2 m dt 


At the point a , the electron experiences an acceleration, 

— ( ^J^ii^ L) (0-Q5 raeter)(0.01 weber/meter 2 -sec) 
=4.4 x 10 7 meter/sec a , to the right. 


At the point b, the electron has acceleration, a=0 
At the point c, the electron has acceleration, 
0=4.4 X 10 7 meter/sec 2 , to the left 


35.18. The electric field Ee at any point b on the rod at distance r 
from the center is perpendicular to r as in Fig. 35.18. The magni- 
tude of Ee is given by 



dB 

dt 


• -( 1 ) 



Fix. 35.18 

Resolve Ee along two mutually perpendicular direction*, Eew along 
the length of the rod and Ee±, perpendicular to it. 
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Ee\\=Ee sin 0=(£ rdBldt)(plr ) 
=\p dB/dt 

where p=0c=*f R*—l 21 4 

According to Faraday’s law 

E= i EE.dl— | (Ecj.+E£ii).JI) 

But J Ee±.</I=0 

l 

£=J E£#'.rfl= J £ ~ydt 

-‘s u^ur 


35.19. Fig 35.19 shows the plot of B (r) against r. 


Area under the curve is 

^=(3420)(200X 1) gauss-cm 

=6.84 X 10 5 gauss-cm 


A 6.84X 10 5 gauss-cm 

B R~ 84 cm 


= 8143 gauss 


Now, from the graph we note that at r—R — 84 cm, 
Btt =4000 gauss. 

22?* =8000 gauss 

Thus, the relation 5=22?* is nearly satisfied. 



Fig. 35.19 



2ofc Solutions to H and R Physics— It 

35-20. Apply Faraday’s law to the rectangular path abcda in 
Fig. 35.20. Then 

E— fE.dl—0 ..(1) 

as emf is absent. Now the contribution to the integral from the 
horizontal paths be and da is zero as E is perpendicular to these 
paths. If we now suppose that along cd the electric field is zero, 
then (1) gives, 

EL = 0 

where ab=L. Thus E—0 along ab, which is contrary to the pro- 
blem. Hence, our assumption that E drops to zero abruptly outside 
the parallel plate is wrong. 



Fig. 35.20 


SUPPLEMENTARY PROBLEMS 

5.35.1. [emf]— [electric field][distance] 

=[force/charge][distance] 

=[MLr- i e- 1 ][L]=[ML 2 r- s G~ 1 J 

Wa/*]=[^][7'- 1 ]=[5][area][r- 1 ] 

=[force/(velocity)(charge)][L 2 ][r _1 ] 

=[ML7'"*/Lr" 1 Q][L 2 J[r _1 ] 

—[ML 2 T~*Q~ l ] 

Thus, remfJ=[<#fl/<*]. 

5.35.2. (a) The resistance of the circuit ADCB can be rendered 
approximately constant by choosing the resistance of AB equal to 
1.2 X 10 -6 ohm and negligible resistance for the section ADCB. 

Induced emf, E= — dfa/dt^Btl 

=(6 x 10“* weber/m*)(0.5 meter/scc)(2.0 meter) 
=6xl(T‘vo|t. 




Faraday's Law 203 


(.b) Electric field, Ee —- t — — 3 x 10 5 volt/meter 

/ 2 meter 

(c) Force on electron F=£'te 

=(3 X 10 -5 volt/meter)(1.6 X 10 19 coul) 
=4.8x10“** nt. 


(d) Current, 


. E 6xl0” 5 volt . 
l ~ R — 1.2x 10“ 5 ohm -5 amp 


(e) The force due to the induced emf must be counter balanced 
by an equal and opposite force. 

E=ilB=(5 amp)(2 meter)(6x 10“ 5 weber/nt 2 ) 

— 6x1 0“ 4 nt. 


(/) Rate of work, P=Fv=( 6x 10 4 nt)(0.5 meter/sec) 

=3 X 10“ 4 watts. 

(g) Rate of joule heating, Pj=i 2 R~(5 amp) 2 ( 1.2 x 10 -5 ohm) 
=3 X10" 4 watts. 


S.35.3. (a) The induction along the axis of a circular current loop 
of radius/? carrying current /' at large distance x(x > R), is given by 

« Mo i R * 

2x* 

The magnetic flux, <f>B—BA—Bnr 2 
where A is the area of the smaller loop. 

. poiKR 2 r 2 
+‘= 


•••«) 


( \ E- d<f>B dx d<j>B 

(l) E =~d, dx" 


••■( 2 ) 


Differentiating (1) with respect to x and setting x—NR in the 
resulting expression, 


(* 0 inR 2 r 2 v d( \ \ 
E - 2 dx(x>~) 


3 . D , . 1 

= --\WnR-r *v - 4 - 


-NR 


(c) 


3ft 0 inr 2 v 

~ 2N*R* 



...( 3 ) 
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Since v is positive, expression (3) shows that E is positive and (4) 
showns that d<}>Bldx is negative i.e. the flux through the smaller loop 
is decreasing. The direction of current in the smaller Ipop will be 
such as to oppose the decrease in flux, i.e. the direction of the 
current will be in the same sense as in the larger loop. 

S.35.4. ( a ) The projected area in a plane normal tQ B is. 

A=nr 2 cos 45° 


=^2(0»037 meter)?=3.04X 10 * meter* 


The induced emf is 

F _ dB 

L dt dt 

j 

— - (3.04 x 10~* meter 2 ) 


76 X 10 * weber/m 2 \ 
4.5 X 10 -8 sec / 


=5. 13xl O' 2 volt. 


(b) The emf produced in each of the two semi-circular loops 
would be equal in magnitude but in the opposite sense. The net 
emf in the complete loop would be zero. 


S.35.5. (o) The induced emf is given by 

d<f>B 

E — 7T 


The current through the loop of wire is 

._ E 1 dj>B 

l ~ R~ R dt 


But, 



Comparing (1) and U;, 
dq= — l/R d<f>B 
Integrating, 


u 

h 


...( 1 ) 

...( 2 ) 


The result is independent of the manner in which B is changing. 

(6) Since the above result is independent of B, it is possible that 
B was changing in the time interval t x to t t causing current to flow 
in the circuit leading to joule heating. 
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S.35.6. The torque is 

r=/xB sin 6 — iAB sin ft — iAB^ia'B "-(l) 

where y is the magnetic moment of the dipole, / is the current, the 
area A— a 2 , and 0=90° is the angle between B and the surface area. 

Blv Bla>r 

l ~ R ~ R~ '" U) 


where / is the length of the loop and R the resistance. 

R= l - 

i°)(rt) 

Using (3) in (2), 

i— Bator 2 

Using (4) in (1) 

r— B*a 2 or 2 at 


-(3) 

• ••(4) 
...(5) 



36 INDUCTANCE 


36.1. The induced emf is given by 

di 


E—L 


dt 


Let the current change at the rate of 


di = E 
dt L 


100 volt 
10 henry 


= 10 amp/sec. 


36.2. ( a ) Let the two coils having sclf-inductances L x and L % be 
connected in series, a great distance apart. The equivalent self- 
inductance of the network is defined as the ratio of the total 
induced emf between the terminals of the network, to the rate of 
change of current responsible for the emf. 

emf in coil 1 = self-induced emf 


=L x 


di 

dt 


emf in coil 2 = L 


di 

- di 


Net emf = (Ij +£,)-- 

From Its definition, the equivalent self-inductance is 

L=L X +L 2 -(I) 

(6) Separation should be large so that mutual-inductance M may 
not be present, otherwise formula (1) would be modified to 

L=L X +L»±2M —(2) 

The signs + or — correspond to the sence of the windings being 
the same or opposite, respectively. 


36.3. If i is the total current, 



Let the inductances L x and L 3 be in parallel. 

Current in one inductance, say L x will be 1/2, that is 


•••( 1 ) 
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E '— L '^— L 'i^- L i I- -® 

But E—E l 

Comparing (1) and (2), we get 
L—LJ2 

36.4. The magnetic induction between two parallel wires carrying 
equal currents i in opposite directions at a distance x from one 
wire is 


a= j?i(_L + > ) 

2rc \ x d—x J 


The flux is given by 




= Mo// 
2^ 


tr — 

— -£ln x— In (d— x)J 




|// 1 V d—g y_ /ip/, 
nc \ a ) n 


Mo'/ ln </— Q 
n a 


-fe = .at In ''=i. 

/ 75 O 

36.5. For the toroid, 

r mo /V 2 /* , 6 

2 it a 

v/here AT is the total number of turns. 

Let A=a-f- A 

where A is a small quantity, 

In— =ln - - ^ A -=l n ( 1 +- A -W A - 
a a \ a / a 

. T pqN*hA 



-( 3 ) 
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But hA—A, 

where A is the area of cross-section. 

2rcn — / ••• 4 

where / is the length 

N=nl ...'5 

where n is the number of turns/unit length. 

Use (3), (4) and (5) in (2) to find 
L—potPlA 

an expression appropriate for the solenoid. Thus, if the solenoid is 
long and thin enough the equation for the .inductance of a toroid 
reduces to that for a solenoid. 


36.6. The inductance/unit length, for the solenoid near its center is 

^-=H 0 n 2 A 

where n is the number of turns/unit length and A is the area of 
cross-section. 

n = =394 

(0.1 in)(2.54x 10 2 meter/in) 

A— tc( 0.02 meter) 2 = 1.256 X 10 -s meter 2 

y =(4*x 10“ 7 weber/amp-m)(394) 2 (1.256x 10~ 3 meter 2 ) 

— 0.245 X 10~ 3 h/meter 
—0.245 mh/meter. 


36.7. Inductance L is given by, L— 


N<f>B 


fa- 


ll __(8 X 10~ 8 h)(5 X 10~ 3 amp) 


N 


400 


- 1 .0 x 10 -7 weber 


36.8. (a) Inductance of the toroidal core is 


r - Po N *h 
L 2n 



where N is the number of turns, h is the height of the windings, b is 
the outer radius, and a is the inner radius. 


As the cross-section is square, 

h=b—d = 12 cm— 10 cm =2 cm. 
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Diameter of each wire is t/ -0.04 in=0.1016 cm. 

= 618 


N _ 2n a _(2«K10 ; m) 
d~ (0.1016 cm)' 


(4w x 10~ 7 weber/amp-m)(618) 2 (0.02 meter) . 12 

L _ ^ - ,n 10 


=0.28 X 10" 3 h 
=0.28 mb 

(6) Perimeter of each turn for the square cross-section is 


4/»=(4)(2 cm)=8 cm 

Therefore, length of the wire 

=(number of turns)(perimeter) 

= (6J8)(8 cm) r =4944 cm 
=(4944 cm)(3.28 X 10~* ft/cm)=!62 ft 
Resistance of wire is 

„ (10 ohm)..,. ... . n , 

R= ~ (160 ft) 62 ohm 

T . „ L 0.28 X 10 -3 h 

Time constant, t= — = — — r — 

R 1.0 ohm 

=2.8 x 10 -4 sec. 


36.9. The current i at time t is related to steady state value i‘o by 
i = in (l-e~^ T ) 

where x is the inductive constant (we have dropped oflf the subscript 
L for the time constant for brevity). 


or 


<.-'/*= I- -i 

'o 

e^ r — \.5 


whence 


t 

In 1.5 


!_=.! 
3 3 


5.0 sec 
In 1.5 


= 12.3 


sec. 


36.10. It .is required to have, i/i 0 = 1.0— 0.001=0.999 
From i—i 0 (1— e~ ) 

0.999= 1 

or e~ f l~ =0.001 or <**^=1000 
//'=lo 1000—6.9 
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36.15. (« For an L-R circuit 

i=(ElR)(\—e~ t l x ) ~U) 

Joule heating is 

dPj=i i R—(E i l R)(l—e~ tIx )* ...(2) 

where use has been made of (1). 

The total energy transformed to joule heat in time /= t is 

Pj=$dPj= y J (\-e~ t,T) ' dt 
0 


0 0 0 
= ~ 2t( 1 — e ~ v ) +y (1-e- 2 ) ] 

= y x [l —2(1 -0.368)+ y (1—0.135) ] 


— 2//t 


=0.168 -j-. 

(6) The energy stored in the magnetic field at time t is. 

Set /=t and L/R— t 

to(-0=y~ (1— 2e -1 +e -, )=0.2 -y- 

(c) Set t— oo in (3) to find the equilibrium energy stored in the 
magnetic field. 


36.12. i=/ 0 (l — e ^~) 

Differentiating with respect to time, 


di io —th 
dt~x e , 


Initial rate of increase is 

_* | _i? L “*/ T / {o_ 

f — Q / = Q 
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Suppose di/dt= ijx = constant, at all times, an assumption which 
is incorrect. Then 


i *-T i * 


or 

r=^=x 

*0 

36.|3. 

/=/o(l — e~ t f x . 


L 50 X 10 8 h 0 , 0 w in _ 4 
t= — = . -=2.78X 10 4 sec 


R 180 ohm 
0.001 sec 


t “2.78 X 10~ 4 sec 
E 50 volt 


to- 

dj_ 
dt " 


R "180 ohm 

i’o —tlx 
— e 
x 


=3.6 

=0.278 amp 


di_ 

dt 


==- -Po' 27 !^?"— e _a ‘®=27.3 amp'scc. 
2.78X10 4 secc K 

f=0.001 sec 


L 2.0 h 
T R 10 ohm 

t 0.1 sec 


=0.2 sec. 
0.5 


t 0.2 sec 

(a) Rate at which energy is stored in the magnetic field is 
dUs r . di 

-jT =L ‘-d7 


But, 


/=/ 0 (l —e r / T ) 


di io —t/x 
dt ~ x e 

Using (4) and (5) in (3), 

dUB T io 1 ,. —tlx —t/x 

-jr~ L t (, - c 

.. E 1 00 volt tn 

Also, 10 - ohm =10am P 


•0) 

•( 2 ) 

•(3) 

•(4) 

•(5) 

(6) 

•( 7 ) 
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• I = (2 1 Qh)(10amp) a o , 6 

*' dt I (0.2 see) { e )e 

/«=0. 1 sec 

=240 joules/sec 

where we have used (6), (7), (1) and (2). 

( b) Joule>heat is produced at the rate 

Pj=i*R=i 0 *R( 1 

=(10 amp)*(10 ohm)(l— e ~° 6 ) 2 
= 155 joules/sec 

(e) Rate at which energy is delivered by the battery 
=(240+155) joules'sec 
=395 joules/sec. 


36.15. (a) The equilibrium current is 

E 100 volt , n 

,o “« = .irshir“ 10am P' 

(b) Energy stored in the magnetic field due to current i 0 is 
Ub—\ L/o 2 =i(2.0 h)(10 amp) a = 100 joules. 

36.16. Joule heat produced in resistor is 


OO OO 

Uj= | Pjdt = j PRdt. 


•••( 1 ) 


u u 

When the switch is thrown to b, the current decays, being govern- 
ed by 

i^ioe-th ...( 2 ) 

Using (2) in (1), 


OO 


Uj 



0 


i 0 *Re ? ' /T dt^i'R J 
0 


— 2j/t 


<//=--•- Rre-Zth 


Uj^WRs ...(3) 

But s=L/R ...(4) 

Using (4) in (3) 

Uj = \LiQ*=--Ua t the energy stored in the inductor. 
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36.17. The energy density in magnetic field is given by 

0 7)4 


1 fl* 

UB=~ 

2 uo 


... 0 ) 


where B is the magnetic induction. At the center of a loop of 
radius R the induction is 



Using (2) in (1) 



Moi* 

R 2 


...( 2 ) 


(4wX 10 7 weber/amp-meter)(100 amp) 1 
(8)(0.05 meter)* 


=0.63 joule/meter* 


36.18. According to Example 9 of Chapter 34, in the hydrogen 
atom the electron circulates around the nucleus in a path of 
radius R of 5.1 x 10 -u m at a frequency v of 6.8 X 10 i|S rev/sec. The 
current due to the circulating electron is 

i=e^~(\.6x 10“ 19 coul)(6.8x 10 u rev/sec) 

= 1.1 X 10 -8 amp. 

At the center of the orbit, 

„ Mol _ (4rcX 10~ 7 weber/amp-m)(l.l X 10~* amp'' 

2 R (2X5.1X10- 11 meter) 

= 13.5 weber/meter* 

The magnetic energy density at the center of a circulating electron 
in the hydrogen atom is 

1 W __ (13.5 weber/meter*)* 

UB ~ v 2 Mo (2)(4 k X 10 -7 weber/amp-m) 

% 

=7.3 X 10 7 joules/meter*. 


36.19. Energy density stored at any point is 


UB = 


1 

2 Mo 


..( 1 ) 


Now, B at a distance r from the center of a long cylindrical wire 
of radius b, where r < b, can be calculated by Ampere’s law (see 
Example 1 of Chapter 34). 


/£.<//= Mof 0 
(2?)(2iw0=mo! ^ 
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B== 


_ Mo>> 
2 nb* 


Using (2) in (1) 


UB 


Mo i*r* 
8 it*b* 


...( 2 ) 


Consider the volume element, dv—(2nrdr)(i), where / is the length 
of wire. Then the total energy in the volume, v=k/> 2 /, of the wire 
is calculated from 


b 

Ub= | UBdv=^jij ) 4 | r l (2nrdr)(l) 

o 


[ r * dr^~ 
4 nb* J 16k 

0 


Therefore, magnetic energy per unit length stored in the wire is 
Ub_ ppP 

I 16k 


36.20. By Problem 36.19, magnetic energy per unit length stored in 
the wire is 

Ub _ noi* 
l 16k 


Therefore, magnetic energy in length / of the wire 


Ub= 


Mo i*l 


16k 

But U B —\Li* 

Comparing (1) and (2) 

r _ mq/ 

8k 


-(I) 

...( 2 ) 


an expression which is independent of the wire diameter. 


36.21. (a) By Problem 36.19, magnetic energy of the wire is 

Ub _ m o£^ _ (4k x 10~ 7 weber/amp-m)(10 amp)* 

/ 16k 16k 

■=•2.5 x 10“* joules/meter. 

(b) For the co-axial cable, in the space between the'two conduc- 
tors the total magnetic energy stored per unit length (See Example 5 
of Chapter 36) is 
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Ub_ mqi* 
l 4* 



a 


__ (4«x 10“ 7 weber/amp-m)(10 amp)* 

Ub= 4 . 


In 


4.0 

1.0 


(c) UB — 


= 14 X 10“* joules/mete. 

LE . 

2 ix o 



The magnetic induction within the outer conductor is given by 
Problem 34.6 (c) and is 


n°i (c*— r*) 
2tr r (c*-f> 2 ) 


( 2 ) 


Consider the volume element dv within the outer cylinder 
symmetrical about the axis of the co-axial cable. 

dv=(2n rdr) l •••(3) 

where l is the length of the cable. 

£/*= f u B dv= | ( j )(2 nlr)dr ...(4) 


where we have used (l) and (3). 

Using (2) in (4) 

C 

b 

T = 4^°^w[ c< l T~ 2c * \ rdr+ i rVr ] 

6 o b 

- [«■ (^-6*)] 


_ W'» r loc/6 _ 3 ~(f>Vc») 1 

4«L(1-W) a 4(1 — 6*/c*) J 

_ (4n x 10~* weber/amp-m)(10 amp) 8 
4« 

/ la (5/4) 3— (16/25) \ 

V (1—16/25)* 4(1-16/25) ^ 

«=0.83 X 10~* joules/meter. 
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36.22. (a) Magnetic energy density, 

/up/* __ (4rtXlO~ 7 weber/ a mp-m)(1 0 amp)* 
UU l6n 16n 

=2.5 X 10 -# joule/meter 3 


(6) Electrical energy density, 
ue—\ e 0 £ 2 


where E is the electric field. 



since /= 1.0 meter. 

£=1.0 ohm/1000 ft= ( l0 oo ft)(0.3048 meter/ft) 
=3.28 x 10 -8 ohm/meter 


UE—k 0 i a R 2 

=|(8.9x 10' 12 coul*/nt-m 2 )(10 amp)*(3.28x 10~ 8 ohm/meter)* 
=4.8 x 10 -15 joules/meter 3 . 


36.23. The magnetic energy density is 


UB — 


J _£2 

2 fiQ 


The electric energy density is 


«£ = Je 0 E 2 
Set UE—pa 




B*_ 

f*o 


or 



0.5 weber/meter 2 

*f (8 9 X id -12 coul*/nt-m 2 )(4*X 10~ 7 weber/amp-m) 


= 1.5x 10* volt/meter. 


SUPPLEMENTARY PROBLEMS 

S.36.1. (a) By Problem 36.2, the equivalent self-inductance of two 
inductors L x and L t in series is given by 

L 0 =L l +L t ±2M -0) 

where M is the mutual inductance. 
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The positive sign before the last term in the right side of (1) is 
applicable for the arrangement in which the flux linking each coil, 
due to the current in the other is in the same-dircction as the flux 
due to the current in the coil, and the negative sign for the arrange- 
ment in which the flux linking each coil due to the current in the 
other is opposite in direction to the coil’s own flux. 


If the inductors are far apart then Jl/=0. 

Setting Li=L a =L in (1), we find, L 0 =2L. 

( b ) If two closely wound coils are placed side by side then 
almost entire flux set by either coil would link with all the turns of 
the other. By definition, 


Lv 


Ml 

N t h 


•••( 2 ) 

...(3) 


/, / X 


where N x and N 2 are the number of turns of coils 1 and 2 respec- 
tively: hi is the flux linking circuit 2 due to current i 2 in circuit 1, 
and <f> is is the flux linking circuit 1 due to current i t in circuit 2. 


Now, <f> it =h 



hi=h 


...(6) 

Hence, A/= — — - 

I 2 


•••(7) 

U-"*' 

h 


...(8) 

Multiplying (7) and (8) 






or M=4 L\L 2 


•••(9) 


where use has been made of (2) and (3). 


Setting L X =L % =L in (9), we get 
M—L 


Using these values in (1), 

Lq—0 or 4 L 

depending on the direction of winding. 
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S.36.2. For condition (I), time f=0 
(n) Applying the loop theorem to the left loop, 
E—R x i x = 0 

E 10 volt „ 

•' = rT 5ohnT 2amp 
(b) Applying the loop theorem to the outer loop. 




But 


di 2 

dt 


E -R,t/L 


E 

L 


o 


/= 0 


E-L-j- —R t i t — 0 or i,=0 

(c) Applying the junction theorem to the junction of Ri and R t , 
i=ix+i t — 2 amp+0=2 amp 
id) V ( R i) =i i R t =0. 

(e) VL=L d -±=E= 10 volt 
where use has been made of ( b ). 

(/) L^- E—R 2 i % = 10 volt— zero=10 volt 
di 2 10 volt 


•• rf, “5 henry “ 2 am P/ sec - 

For condition (II), time t= oo. 

. % . E 10 volt . 

(a) '.“^=-5-^=2 amp- 


But 


dit_ 

dt 


E_ —R t t/L 
L e 


—0 


or 


t — 00 /=* 00 

E-i t R ,= G 

. _ E 10 volt _. n 
'*-^=10 ohm -10 amp ‘ 


(c) i=/ x +i*— 2 amp+1 amp =3 amp. 
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(d) V 3 —i 3 R 3 —( 1 amp)(10 obm)=10 volt. 

(«) ri-ify-o 

where use has been made of ( b ). 

(/) % -0 

where use has been made of (6). 


S.36.3. id) At r=0, the current i, through L will be zero. Hence 

h~h — 0 ) 

Applying loop theorem to the left loop, 

E—iiRi~i t R a ~0 •••( 2 ) 


Using (1) in (2), 

E 100 volt , . 

h-h- Ri+Ri -(10+20) ohm" 3 * 3 amp ’ 

( b ) At t — co, i 3 will have a non-zero value! 

From junction theorem, 

tj+/j ~ii •••(3) 

Using loop theorem for the left loop, 

E—iiRi—iiR t — 0 •••(4) 


Using loop theorem for the right loop, 
-R 3 i t -L-j-+i t R t = 0 


...(5) 


B"‘f | . “° 

'“oo 

Therefore, (5) reduces to 
-R 3 i 3 +i t R t = 0 



...( 6 ) 


Solving (3), (4) and (6), 

,x WWMi 

(100 volt)(20Q+30Q) . , 

*“(10Q)(20£J)+(200)(30Q)+(30Q)(10fl)“ 4,;>ainp 
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* RiR, +R,R S +R»Ri 

(100 volt)(30Q) 

_ (lOU)(20Q)+(20a)(30Q)+(30Q)(10a) amp ‘ 

(c) <i=0 

The inductor would retain the same current i 8 when the switch is 
just opened. From (6), 

/j=(2.7 amp) ||Q - ftj =1.8 amp. 

Also, from (3) with / 1 =0, 

i 2 — — / j=» — 1.8 amp. 

(d) A long time after the switch is opened the inductor would 
have lost all the current and /*=• 0. Also i 1 =0 as in (c). 

S.36.4. The magnetic energy stored in a coaxial cable is given by 

Um^ -In- -d) 

4« a 

where i is the current and / is the length of the cable (see Example 
36.5 of Chapter 36). 

Also, its capacitance is given by 

C= -2***1. ...(2) 

In (b/a) K 

By Problem, the electric and magnetic energies are equal. 


Ue=-~E*C= 


In A 
4n a 


where use has been made of (1). 
Using (2) in (3) 

2 rj 2wc 0 / 

2 * In (b/a) ~ 4ic n a 


'J*. 1 

i 2 n\ * 0 i 

_ 1 f 4«X 10~ T v 

= 2«V 8.85x10* 


weber/amp-m , b 
-»» couP/nt-m * 1 a 


= — -In ~ ohms. 
2n Q 
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S.36.5. The dimensions and units of some of the electrical quanti- 
ties are tabulated below for ready reference. 


Quantity 

Dimensions 

Unit 

Coulomb 

Q 

coulomb 

Current 

T-1Q 

ampere 

Voltage 

ML'T-'Q-' 

volt 

Resistance 

ML'T-'Q-* 

ohm 

Inductance 

MUQ-* 

henry 

Capacitance 


farad 

Magnetic flux 

ML'T-'Q- 1 

weber 


(o) [coulomb-ohm-meter/weber] 
[ML'T-'QT'} “ 


[L] = [meter] 


(6) [volt-second]=[A/L*r- 2 e- 1 ][r]«[A/L 2 r- 1 C” 1 ]=[weber] 

(c) [c mlomb-amperc/farad] =[3/L 2 r _8 ]=[watt] 

(j\ [kiiogram -volt-meter 2 ] [M][3fL 2 :T' 2 6~ 1 ][L 2 | 

[henry-araperej "" [A/L , 2' 2 ] 2 (7 T_1 0 2 

— (0=(coulomb) 

(e) (henry/farad) 1/2 *= = (ML* T' l Q-*) =(ohm) 



37 MAGNETIC PROPERTIES OF MATTER 


37.1. ( a ) Magnetic moment due to the current i through a loop is 


!i= i A 


-( 1 ) 


where A is the area of the loop. 

Setting, A=nr*, were r is the radius of earth, (1) becomes 
H—nr* i 


or 



6.4 x 10 ai amp-m 2 
Jt(6.4 x 10* meter) 2 


= 5x 10 7 amp. 


(b) Yes. 

(c) No. 


37.2. Volume element in spherical polar coordinates is given by 
dv=2nr z dr sin 0 dO 


If the electron carries charge e and its volume is (4/3) nR 3 , R being 
its radius, then the charge associated with the volume element is 


or 


dq-- 

dq= 


3 edv 
4 k /? 3 


3e 


4tc/? 8 

3er 2 dr sin 6 dQ 
2 R 3 


( 2nr 2 dr sin 0 dO) 


•••( 1 ) 


The charge element dq goes 
around in a loop of radius r sin 0 
about the axis of rotation, the area 
of the loop being 

cL4=n(r sin 0) 2 •••(2) 

If the rotational frequency of the 
electron is v then any charge 
clement dq would also be circula- 
ting about the axis of rotation with 

the same frequency v = ~ The 

contribution to the magnetic 
moment due to an infinitesimal 
current loop is 
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dp—v dq dA 


<o 3 erf dr sin 6 db rcr 2 sin 2 8 
2 * ~ 2 R* 


a>r * dr sin 3 6 d6 

4R 3 


The magnetic momont of the electron is found out by integrating 
the above expression 


R re 


j dp - 

3eto f 
~ 4 R 3 ) 

r*dr 


0 


3 ecu 

R 5 4 _ 

ectiR 3 

4R 3 

5 3 

5 ~ 

eu>R 3 




sin 3 0 dd 


•••(3) 


The mechanical angular momentum (spin) based on the classical 
model is given by 

L— lu) 

where /=( 2/5) mR i , is the rotational inertia of a sphere of mass m, 
rotating about an axis nassing through its center. We can then 
write 


L—^rmuiK* 


•••(4) 


Dividing (3) by (4), 


A* g 

L ' 2m 


or 


e __2p 
m L 


•••(5) 


Expression (5) is in disagreement with experiment, the observed 
value being e/m-n/L. 


37.3. (a) Electric field strength at a distance r is 

£— 2 

4* «„ r 2 

= (l-6x IQ" 1 * coulX9x 10* nt-m 2 /coul 2 ) 
(1.0 x 10 _1 ° meter) 2 

= 1.44x 10 u volt/meter, 
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0 b ) Magnetic induction at a distance r is 


B= 


Pol* 

2nr 2 


(4 nx 10~ 7 weber/amp-m)(1.4xl0~ 26 amp-m 2 ) 
(2n)(1.0x 10~ 10 meter)* 


=2.8x10 3 weber/meter*. 


37.4. (a) In the Rowland ring, a toroidal coil is wound around the 
iron specimen in the form of a ring and originally unmagnetizid 
With the iron core absent, a current i set up in the coil causes 
field of induction within the toroid given by 


B. 




tj qM 
2 nr 


(1) 


where n is the number of turns per unit length of the toroid N 
is the total number of turns and r is the mean radius of the ring. 

From (1) we have 

._ 2nrB 0 _ (2«)(5. 5x 10~* meter)(2x 10~ 4 web er/m 2 ) 
l ~ n 0 N (4nX 10" 7 weber/amp-m)(400) 

=0.14 amp. 

( b ) Because of the iron core the actual value of the induction 
will be B, given by 

B—B 0 +Bm •••(2) 

By Problem, Bm = 800 B 0 . •••(3) 


Using (3) in (2), 

B=801 # 0 =(801)(2 x 10' 4 weber/meter 2 ) 

=0.1602 weber /meter 2 •••(4) 


The charge q flowing through the secondary coil is given by 


<? 


BN' A 

R 


••■(5) 


Where N‘ is the number of turns of the secondary coil, R the 
resistance of the secondary coil and A the cross-section area of 
the toroid. 


1 = n<i 2 /4 ...(6) 

With the diameter of the cross-sectional area being 
<7=6 cm— 5 cm = 1.0 cm=0.01 meter 


A- ” (0.01 meter)*=7.85xl0~ 8 meter 2 . 

*4 


-( 7 ) 
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Using (4), (7) and the values N '= 50 and /?=8.0 ohms, in (5), we 
find 

__ (0.1 6 weber/meter 2 )(50 ) (7.85 X 10~ 5 meter 2 ) 

^ (8.0 ohm) 

=7.85 X 10~ 5 coul. 


37.5. (a) The dipole moment of the bar is 

Pb—Np •••(!) 

Here N, the number of atoms of iron in volume 'v=(5 cm) 
(lcm a )=5 cm 3 , is given by 

M— JVl 

M 


where i\T 0 =6xl0 23 is the Avagadro’s number, p the density of iron 

and M the atomic weight of iron. We have 

f ,_ (6x 10 23 /mole)(7.9 gm/cm 3 )(5 cm 3 ) 

N (55.85) 

=4.2X10”. 

^o=(4.2x 10”)(1.8x 10 -23 amp-m 2 )=7.6 amp-m 2 


( b ) The magnitude of the torque is given by 

sin 6— (7.6 amp-m*)(1.5 weber)(sin 90°) 
= 11.4 nt-meter. 


37.6. The atoms of a diamagnetic material do not have permanent 
magnetic moments, the individual magnetic moments of orbital 
electrons neutralizing each other. However, in the presence of an 
external magnetic field, a magnetic moment is induced in the atom. 
The phenomenon of diamagnetism can be explained in terms of 
electromagnetic induction. 

Consider a typical electron revolving in the xy plane as in Text- 
book Fig. 37.7 (a) and (b). Let an external magnetic field be switched 
on along the z-direction. In the absence of an external magnetic 
field the centripetal force which enables the electron of mass m and 
charge e to move around in a circular orbit of radius r is given by r 

F 0 = m -^ -(I) 

u r 

Let the field B be increasing at a rate dB/dt. This will induce an 
electric field E around the path. In accordance with Faraday’s law 
of induction, the induced emf is 

d<f>B 

B — df 
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The flux through the loop is 
4 >b= ) 

E=fE.dl——nr 2< ~~- 

(E)(2nr)=—itr s ~ 

r 1 dB n\ 

E =- J r Tt ...( 2 ) 


The additional force acting on the electron is 


dv 1 

m ~dt er 


dB 

dt 


...(3) 


where (2) has been used and the sign has been ignored. From (3) 
we find a connection between the change in v and the change in B, 


*- iJ B -w 

Suppose v increases. As the radius of the orbit remains constant, 
the increase in centripetal force is provided by the magnetic field. 

(The speed of electron v will increase or decrease depending on 
the direction of the magnetic induction B). 

Call Av the net change in v during the process the field attains the 
final value B. 


v 0 +Av B 

a- f \ dB = 

v 0 

r 0 

The magnetic moment arising from the 


erl[ 

2m 

circulating electron is 


...(5) 


or er%u> o 

Change in magnetic moment, holding r as constant, is given by 

A{*=£ er a A« •••(6) 


But from (5) we have 

A~^-± 


eB 

2m 


Using (7) in (6) 


e 2 r 2 B 


( 7 ) 
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Thus, the effect of applying a magnetic field is to increase or 
decrease the angular velocity of electron depending on the sense of 
circulation. This, in turn, causes an increase or decrease of magne- 
tic moment. The change in the magnetic moment is in opposition to 
the applied field. 


37 . 7 . By Problem 37.6 



• I I _ 

' to,, I 2mw 0 

Set e=1.6x 10“ 1# coul ; w=9.1Xl(T 31 kg, 

w„=4.3x 10® rad/sec ; B— 2.0 weber/meter 2 . 

We have chosen a typical value for B, and the value for <» is 
corresponding to Bohr's model for hydrogen atom. 

I Aw ( _ (1.6x 10~ W coul)(2 weber/mete r 8 ) ( , 

I o>7 = (2)0.2 X l(r 31 kg)(4.3 X I0 1 ® rad/sec) 

Thus, Aoj to 0 


37.8. The spin angular momentum is a vector which points m t’ • 
direction of the axis of rotation (Fig. 37.8). The direction of u d 


magnetic moment and the sense of flow 
of positive charge in the loop are related 
by the right-hand-screw rule. 

The spin magnetic moment is given by 

T 

Thus, the magnetic moment is propor- 
tional to the angular momentum. Desig- 
nating spin angular momentum by the 
vector S, we may, rewrite the above 
relation 




Fij; V/ y 


The positive sign in the right hand side shows that the currnt of 
the positive charge is in the same direction as the spin motion. The 
spin and the magnetic moment point in the same direction 


37 . 9 . 

2**j 

where N is the number of protons in the sample and is the 
magnetic moment of the proton. 
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Number of water molecules in 1.0 gm of sample 

„^ <6xiO»/mole) =33x|0!S 

M (18 gm) 

Now, in a molecule of H 2 0 there aro 10 protons. (2 from hydro- 
gen atoms and 8 from oxygen atom). Therefore, the number of 
protons in the sample is 

N=(10)(3.3 X 10 22 )=3.3 X 10 23 ' 

(3. 3X 1 0 23 )(4nX 10~ 7 we ber/a mp- m) ( 1.4 1 X 10~ 28 jo ule/Tcs la) 

— (2n)(5x 10“ 2 meter) 8 

=7.5 X 10'® weber/meter 2 . 


37.10. V r, 


eB_ 
2tc m 


or 


e 2tcvc 
m ~ B 



or 


2n fx, 
B Vj/.j 


Using (4) in (2), 


m ~ v pi.. 


•••(I) 
•• ( 2 ) 
...(3) 
•••(4) 


37.11. (a) As the field in the median plane of a dipole is only half 
as large as on the axis, 


B 


1 MoM 
T 2na 3 


..( 1 ) 


r <4rexl0 ~ 7 we ber /amp-m )(1.8 X 10~ 23 a mp-m 2 ) 
(47rj(i.0x 10 -10 meter) 8 
= 1.8 weber/meter 2 . 

UA Energy required to turn a second similar dipole end for end in 
this field is 

Ub ~2pB 

=(2)(1.8 X 10“ 23 amp-m 2 )(1.8 weber/metet 2 ) 

=6.5 x 10 -88 joules. 

At room temperature, the mean kinetic energy of translation is 

Ut-~ \ )'1.38x 10" 23 joule/°K)(300°K) 

■=6x 10~ 21 joule. 
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l'ini-. 'Jr ■ — lO'i Un Consequently, the energy exchanges in colli' 
si »ii » i mi dost, 'jy the alignment of the dipoles with the external 
lie Id. 

.*7.12. In l : ig. .’7.1 the line ab lies in the interface between the two 
media ! and 2. Let B t and B a make angles Oj and 0 S respectively, 



wrn i ... i-ori.iai i > the interface. We shall now apply Gauss' 
n . w cai. io ; w p-!.x»x shown in the diagram 

I it ( is -- t, 

v 

or J' B. + 

or 0 - i — Hi cos ®i ~\-B> cos 0 a ) s 

win nee. /J, Ci).' i‘, ~B 2 cos i\ 

showing :n ’rclv. that the normal component of the induction ha> 
the same value on each side of 'he surface. 

37.13. Ci nsider f c .eetangmar path as shown in Fig. 37.13. Since 
the closed path ci. closes zer..- current, it follows that the line inte- 
gral of // ar mnd the p ah is zea>. 

/ H.</» -0 

In the evaluation of the above integral the conti ibulion due to the 
paths dc u:h! if can be ignu eJ. l'hus, 

f 

0- J H v cil+ J H v tU 

c c 

or 0=1 — //j sin s>n 0 a ) / 

or /fj sin 0, = //, sin P 4 

Thus the tangential component of H has the same value on each 
side of the surface. 
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By Problem Fe—NFb 
Now, FB=Bev— Bcwr 

Fc = truo 2 r 

Combining (1), (2), (3) and (4) 
j B e<or (A r il)=wo> 2 r 


...( 2 ) 

-.(3) 

•••(4) 


or a>=—(N± 1) 

m 

(b) ^=~(N+ 1 ) 

_ (0.427 weber/meter 2 )(1.6 X I0 _w coul)( 100+1) 

(9.1 x 10" 81 kg) 

=758 X10 10 rad/sec. 

co 2 =-(N-\) 

m 

(0.427 weber/meter 2 )(1.6x 10“** coul)(100-l) 

(9.1 X 10' 91 kg) 

=743 X 10 10 rad/sec. 

S.37.4. The magnet will tend to align its axis antiparallel to the 
direction of B but is opposed by the torque due to its own weight. 
The torque due to magnetic field is 

T B = f*2? cos 0 ---(l) 

Here 0 is the angle between the axis of 
the magnet and vertical and /* is the 
magnetic moment, given by 

fi=2 ml •••(2) 

where 21 is the distance between the 
poles of the magnet and m is the pole 
strength. In Fig. S.37.4 the torque t b 

acts in the counterclockwise sense. 

The torque r t due to the weight acting 
at the center of the magnet is given by 
xi—Mgl sin 0 -..(3) 

acting in the clockwise sense. 



or 


For rotational equilibrium we have the condition, 

Xg=XB 

Mgl tin Q—pB cos 0 
M ft 


tan 0* 


•(4) 


•(5) 
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Thus the magnet is oriented at an angle 0 with the vertical given 
by (5) with the north pole moving away from the direction of B, 
whilst the string remains in the vertical direction. 


S.37.5. The reluctance S is given by 

K + '*] 

where pr is the relative permeability, / } is the flux path, /, is the 
gap length and A is the area of cross-section. 


o_ 1 f 1.0 meter . - nl . 1 

(4«x 10 -7 weber/amp-m) A |_ 5000 * me er J 


8121 , u 

— ^ amp/ weber 

.. (1) 

The flux. 


<f>=^BA—( 1.8 weber/m 1 ) A— USA weber 

...(2) 

Magnetomotive force ( mmf)—Ni ampere-turn 


^=(mm//5)= Ni/S 


. <f>S _ (1.8/4 weber) ( 8121 , t , ' 

or ‘~lf~ 500 l A am P/» eber > 

\=29.2 amp. 



38 ELECTROMAGNETIC OSCILLATIONS 


38.1. C 1 =5 fit' ; C 2 —2 /tf ; L— 10 mh 

(а) LC X combination: 

Resonant frequency, v,= 

2n V LC X 

_ 1 

~2n V ( 10 X 10 * h)(5 X 1CT* f) 
=714 cycles/sec. 

(б) LC 2 combination: 

Resonant frequency, v 2 = — ~>= 

2ic V LC 2 

1 

“ 2 * V(ioxlO~ 8 h)( 2 xl 0 "« f) 

= 1 126 cycles/sec 


(c) LC X C 2 combination with C x and C 2 in parallel: 
Equivalent capacitance of C x and C 2 is 


C=Cj+C 2 =5 /xf+2 /tf =7 /if 

Resonent frequency, v,= 

2n 4 LC 

1 

= 2 n V” (lO'xiO 8 b)(7 X^ 10"« f) 
=602 cycles/sec 

(d) LC X C % combination C x and C a in series: 

Equivalent capacitance of C x and C 2 is 


C= 


C X C 2 _( 5 /tfj(2 /if) 
C x +C 2 (5 /tf 4- 2 /tf) 


Mf 


Resonent frequency, v 4 



2 it V (10x10"* h)(1.43x i0~* 0 


■= 1333 cycles/sec. 
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38.1. Frequency of oscillation is v = 

2% 4 LC 


4n 2 v 2 L 

1 

(4n 2 )(1.0x 10* sec -1 ) 2 (1.0x 10‘ 3 h) 

=2.5 x 10“ u farad. 

Thus, by combining a capacitor of C=2.5 x I0~ n farad with the 
given inductance L= 1.0 mh, we can get oscillations at 1.0X10* 
cycles/sec. 

38.3. Frequency range extends trom v 1 =2xl0* cycles/sec to 
v 2 =4X 10* cycles/sec. 

The frequency range is, 

Av = v 2 — v x 

=4x 10‘ cycles/sec — 2 X 10* cycles/sec 
X 10* cycles/sec. 

The angular range on the knob is A0=18O°. Therefore, the 
rotation through 1° corresponds to a frequency change of 2 X 10® 
cycles/(sec-degree) rotation. For any rotation of 0°, the frequency 
would change by 2x10* 0°/18O° cycles/sec. Thus, the angle 0 and v 
would be related by 

v— Vi+ 2 ^° 0 o 6 =2X 10* ^ 1 + )cycles/sec ...(1) 


4n a v*L 


1 

(4n 2 )(2x 10* cycles/sec) 2 (1.0 x 10' 3 



0 

180 


)' 


or 


C— 


634 xl0“ M 
‘0 


farad = 


634 


/ e \*A* o,au ~/ e \* 

( 1 + 180 ) ( l + Tfo) 


mm/ 
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Figure 38.3 shows the plot of C as a fraction of angle foi 180' 1 
rotation. 



Fig. 38.3 

38.4. For an LCR circuit resonant frequency is given by 

«' _ 1 f 1 _/ R \* 

V 2* 2n X LC \ 2 L ) 

Squaring and re-arranging (1) 

1 R 2 

— =47t*v a -f - 

LC ^ 4 L 2 


...i P 


...' 2 ) 


For the given data for v, R and the second term on the iglu 
hand side of (2) is quite small compared to the ii r >t term. Cq. (2) 
then reduces to 


J 

LC 


4 2 tc-’v 


2 


4 n' ! J 2 L (4n*)(fib cycles/sec) 2 U0 h) 

=7x 1CT 7 farad=0.07 /if. 

The given LCR circuit is as good as resistanceless LC circuit. 


38.5. The potential drop across the capacitor is 
Vc—qlC 

and the potential drop across the inductance is 

Vl=L — 

Vl L dt 
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Applying the loop theorem to the LC circuit, 

Vc + Vl -0 


i o. £+/.£- 0 


< li _ d ( dq d*<i 
dt dt\dt ) dt 2 


•' r // 2 

This is the Textbook Eq. 38.5. 

38.6. Conservation of energy demands that the applied emf, E—Em 
cos to" t be equal to the sum of the potential drop across L, C and R 
of the circuit 


" L lt { Tr iR = Em cos ' 


...( 2 ) 


di __d f dq d 2 q 
dt di \ dt )' dt 2 ' 


Using (2) and (3) in (1) 

which is in agreement with Textbook Eq. 38.12 of the textbook. 

38 7. The stored energy in the capacitor is 

u - ' ,3 ~ 

U ' ~ z 2 C 

and the maximum stored energy in the capacitor is 

u ‘"“' ■ 2 c 

By Problem, Ui \Ui .mar 


2 C 2 2 C 

where use has been made of (l) and (2) 

qm 
(I V 2 

But the oscillation amplitude of charge is 
q—q,n e ~ 
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whence e Rt ^ L =^~- —2 

< t 

where use has been made of (5). 



or t— ~ In 2=0.69r t 

where we have used the fact that the induction time-constant 
"cl=L)R and In 2=0.693. 


38.8. The undamped resonent frequency is given by 

= 1 

2 *y/L£ 

The damped frequency is given by 

'-hJM FT 

v—v 1 0.01 

By Problem, - - =7 aa -1 x 10 4 - 

v 1UU 



Solving for R, we get, 

x10-4 

= V(8j(iox iF» h)( io~ 4 )/( io _ ® f) 

= ^8 ohm=2.8 ohm. 



• ( 1 ) 


-d) 

•••( 2 ) 

••( 3 ) 
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where use has been made of (I) and (2) and we have expended the 
radical binomially. 

q=qme—R , l2- L 


whence, l« (f)~f In 2 


/= — =2*n %/LC= 2 d L In 2 
v R 

C7? a _(ln 2V* 

L ~ {nn)* 


•••(4) 


...(5) 


Use (5) in (3) to find, 

<*,-«/ (In 2) 2 (0.693 15) a 0.006085 

<«> ~ 8j t 2 /? 2 “ (8)(9.8696) n 2 ~ n 2 


0.0061 


/r 


38.10. q — qme Rt/2L cos tJi > ^ 

DifTerencitate with respect of time to obtain 

—Rt\ 11. 


. dq 

'~Tr qm 


l R —Rt/21. , . — RtjlL \ 

I —~2L e COS w ~ 01 Sin 01 te ) 

^2£~7 cos a>'f+sin w't ^ 


, —Rt\2L 
= — qrnix> 1 C 


- — e (tan cos «//+sin <*>'/) 


R 


where we have setj^— ,=tan <f>. This gives 


—q m oi e 


-Rt/2L 


cos 0 


(sin <f> cos <o'/+cos (f> sin <o't) 


, —Rt/2L 

= — qj n u t e s i n (to't+<f>) 

COS <P, 

But for low damping, the resistance R is small. 
Hence, -»0 and $ -*■ 0 

21m 

cos 1 

i——qm<o' e~ R, l 2L sin (toV-f^) 


So, 
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38.11. If Ue, mo* is the initial maximum energy and Ue the energy 
at any time then change in energy 

AU=Ue, ma ,-UE= 2C -(D 


But, amplitude of charge oscillation is 
q—qm e~R ( I^L 
.*. q 2 =q 2 m e~ Rt l^ 


Using (2) in (1) 


A U= q2m 


2C 

~Ue, m<Tz( 1 — C 
Set Ue, maz—U) then 


q 2 rn e~ Rt l L q 2 m ( . —Rt{L\ 
~2C “ 2 c{ '~ e ) 


A U . -Rl/L 

ir =1_c 


One cycle implies that t~ — ■ 


2n 

CO 


AC/ ._ -2nR/a>L ==l _I 2 r.R 

U e V 1 m L 


2 xR 
(oL 


•••(2) 


38.12. 

*di + c ==£mC0S 

•••(I) 

Let 

q—a sin (o» 

•..(2) 

Then, 

—ao>" cos {(u"t — <f>) 

•...(3) 

and 

^f= — aoi" 2 sin (a* *7— <f>). 

•••(4) 


Substituting (2), (3) and (4) in (1), 

— sin (a >'t—<f>)+aaj'R cos (a//— ^) + ~ sin (a/f— f) 


—Em COS <o't 


«..( 3 ) 
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Expanding the sine and cosine functions 
-fltu' a L (sin oi't cos cos a ft sin ^)4-aw'R(cos (o"t cos 0 


+ sin <»”t sin ^)+-^-(sin <o't cos <f >— cos w*7 sin 

== Em COS O)* t •••(6) 

Comparing the coefficients of sin oft, 

— au>'*L cos $+a<o” R sin cos ^=0 

Re-arranging the terms and cancelling the common factor a, 

Comparing the coefficients of cos o>*7 in (6) 
ao)" t L sin <f>+ato"R cos <f>— ^ sin <f>=Em 


•••(7) 


or 


»' 2 L— sin (ft+to'R cos <f> 

From (7) using trignometric identities we easily find 
<o* 2 L— 1/C 


sin <f>= 


1/C)* 


__ °>' R 

COS <f>- 7( to ^)2 +(a> M L _ 1 / C) l 

Substituting (9) and (10) in (8) and simplifying, 

Em 

°J qm - V ~(a»*'L- 1 /C)*+(o>'/?)2 *r. 


...( 8 ) 

-(9) 

...( 10 ) 




Maximum value of < 7 *« is conditioned by setting ^~)=0 


dqm 1_ [4«/L(o / 2 L- l/C)+2fl 2 w"] 

2 [(a.'»L-l/Cj , -H«»'ll) 2 ] 

Cancelling the denominator as well the common factor —Em, 
u>" (2L*co'* — 2LIC+ R*)=0 
The nontrivial solution which gives q m a maximum is 


/±._* 

tJLC 2i* 
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38.11. If Ue, mo* is the initial maximum energy and Ue the energy 
at any time then change in energy 


&U=UE,max—UE — 


q 2 m 
2 C 


£_ 

1C 


•(I) 


But, amplitude of charge oscillation is 

q—q,n e~ Rt /2L 

q 2 =q 2 m e~ Rt l L ...(2) 

Using (2) in (1) 

ATi=taL e~' Rt ! L q 2 m ( . —Rt/L\ 

1C 1C ~1C\ ) 

= UE,mix{\-e~ Rt l L ) 

Set Ue, ma x =U, then 

A U . -Rt/L 

u- = '~ e 

One cycle implies that t— — 

V CO 

. A U , -2a«/»t , / . 2rR , \ 

.. ^l-e "'“I >- iil +- ) 


InR 

aiL 


38.12. 

L w +R t 

-.(I) 

Let 

q—a sin (<m’t~<f>) 

...(2) 

Then, 

=00)" COS (ai"t — <f>) 

-(3) 

and 

j-f = ~~aco" 2 sin (a 

at 2 

•••(4) 


Substituting (2), (3) and (4) in (1), 

— aot 0> L sin (a>“t— $)-\-au>' R cos (<*>'/— ^)+ sin (<•>'/— 4>) 


—Em cos <*>'t 


...(5) 
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Expanding the sine and cosine functions 
— a<a' 2 L (sin aft cos cos aft sin <f>)+aa>'R( cos aft cos 0 

-fsin aft sin ^)+-^-(sin oft cos <f>— cos at't sin 

=Em cos aft •••(6) 

Comparing the coefficients of sin a>'t, 

—aa>" a L cos tft+aa)" R sin cos ^=0 

Re-arranging the terms and cancelling the common factor a, 

«“ (“'' L -d-) • <7) 

Comparing the coefficients of cos a>"t in (6) 
aat" 1 L sin <f>+aa>"R cos — sin <f>—Em 


Em 

r a— j FT - " ~ 1 

( af 2 L — ~gj sin <f>~\~a)* R COS <f> 

From (7) using trignometric identities we easily find 

af % L— 1/C 

Sin Viu'W+i.a.'iL-lIC)' 

afR 

cos f- 7(co'jR) a +(«.'*!- i/C)* 

Substituting (9) and (10) in (8) and simplifying, 

Em 

Cl “ Qtn ^ ~r — 1 - - — • 

y v i/c)*+(«ar ) 2 

v * 

Maximum value of q m is conditioned by setting ,~-=0 


...( 8 ) 

..( 10 ) 


dqm l l /C)+2 *»«.*] 

~daf 2 [(a)' a L — l/C)*+(a*"7?) 2 ] 

Cancelling the denominator as well the common factor — Em, 

of (2L t a)'' i —2LlC+R t )=0 

The nontrivial solution which gives q m a maximum is 

/XT* 

*] LC 2L* 
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38.13. The LCR circuit will oscillate with maximum response i.e. 
the maximum amplitude of the current oscillations occur when the 
frequency to" of the applied emf is exactly equal to the natural 
(undamped) frequency to of the system. 


1 


to 


'■to— / — 


to 

2* 


s/LC 
1 ^ 


1 


= 35.5 cycles/sec. 


2it V(1.0 h)(20x 10“*f) 

The amplitude im of the current oscillations is given by 

Em 

l/co'Cj+i ? 2 

At resonance, to" 


-to 


and 

By Problem, 


. Em 

in ~~R 


Irn — 


Em 1 Em 

Wl-1 /co"C)*+R* 2 R 


or 

or 


Squaring and simplifying 

(“' i - jch** 


o>**LC+V3 o>' CR—\=0 

-+ lW7± 

+ aJ 41* + U 


’ —j. L 


V3 R 

2 L '' aJ 4 Z* ' LC 


These are the only possible solutions. 


(JO 


, , V3 (20 ohm) / 3 / 20 ohm V 1 

± (2X1 .0 h) 4\ 1.0 h / + (1.0h)(20xl0-«f ) 

a»/ =24 1.6 rad/sec 
to/ =207 rad/sec. 

v/= a 'i__241 I 6rad/sec^ _ 3 g 5 C y C i es / sec . 

zn z 7i 


V * = 2* 


to/ 207 rad/sec 


2* 


=33.0 cycles/sec. 
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38.14. The amplitude im of the current oscillations is given by 

Em 


lm= 


V KL-lKOH/i 2 
At resonance, ut'—w and 

Em 


Set 


lm = * 


lm z 


R 


1 Err 


V Kl-iKO'+fi 1 2 i? 

Squaring and simplifying 

( "-TTc )’= 3 ^ 

or <o*'LC ± V3 w' CR— 1=0 
The only accep f aole solutions are 

0>t ~ 2 ~ T + \l 


3R 2 

4L* 


, 1_ 

LC 



-?+ 4 

fp4 

1 

2 

L \ 

f 4L* 

LC 


Subtracting the last equation from the previous one, and dropping 
off the primes, 

.. R 

^<»=(u 1 -w 2 = v3 £ 

4 3 R 


to 


w . 


38.15. Resonant frequency for in series is 

1 

Resonant frequency for L 2 C 2 R 2 ' n series is 
1 


By Problem, «> 1 =w a •••(3) 

that is, LiC 1 =L 2 C 2 •••(4) 

For the two combinations in series, the equivalent inductance is 

L=I l +L 2 -(5) 


-d) 


...( 2 ) 
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Assuming that the inductances are far apart, the equivalent 
capacitance is 

/n._ CiC 2 


Q + Q 

The resonant frequency is then given by 
1 1 


oi- 


4~lc V (l 1 +i 2 )c 1 c 2 /(c 1 +c 2 ) 

where use has been made of (5) and (6). 

Using (4) in (7), we find upon simplification, 

1 1 


•( 6 ) 


•(7) 


CO = 


V l 2 c\ V"l 2 c 2 


38.16. Example 5 is concerned with a parallel-plate capacitor with 
circular plates. 

By definition, the displacement current is given by 

d 


d<f>E 

,d=e ° ~dT =£ 


0 dt 


[(E)(nr*)} 


= e n nr* 


dE 


0 dt 

Displacement current density is 


Id 


= — 0 


dE 

dt 


38.17. By definition, the displacement current is given by 


= 


d<f>E 

~~dt 


— — e 


0 d dt (EA)-—e 0 A ds 


dt 

A_ dv dv~ 

d (ft~ dt 

where we have used the following formulas for the parallel plate 
condenser. 


tA AfZLio 

0 dt \ d ) t 


d being the distance of separation of plates, and for the capacitance, 
/-> E o A 


A being the area of cross-section of plates. 
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38.18. Using the results of Problem 38.17, the displacement current 
is given bv 


dV _ id _ 1.0 amp , . 

dt C 1.0xl0~ # f — 10 voIts / sec - 

Thus, the displacement current of 1.0 amp can be established by 
changing the potential difference at the rate of 10* volt/sec. 

38.19. Consider the parallel-plate capacitor with circular plates. By 
definition the displacement current is given by 



In the region r < R 
^E=tE)(rcr 2 ) 

o -^-(nr 2 £) = e 0 

In the region, r > R, 4>E=(.e)(nR*) 

id ^ e °~7F (n ^ 2 ^ =e o nRt 


38.20. (a) Ampere’s law in its modified form is 

/B.rfl=/t 0 1 (J+Jd) .dS= (U+i) -0) 

/ s 

In the wire conduction current i alone flows whilst within the 
capacitor C displacement current id alone exists. Since the con- 
tinuity condition says that the total current, conduction current 
plus displacement current, is constant in a closed circuit, it is 
sufficient to show that U—i. 


In the gap of the capacitor, 

E=q/e 0 A 

Differentiating, dE/dt— — dq/dt — * * 


But 


• _ d<l>L 
i*-to -jf E=t o 


d(EA) , dE 
It 


dt 


Combining the last two equations, w*=i. 

(6) The conduction current (Fig 38.20) flows up the walls of the 
cavity and the displacement down through the volume of the cavity. 
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Application of (1) to to region outside the cavity, such as the 
path r s shows that B=0. Consequently, the net current enclosed 
is zero, the conduction current being exactly equal and opposite to 
the displacement current. Thus, the continuity condition of current 
is satisfied. 



38.21. (a) E—Em sin a >/ 



where the angular frequency for the fundamental mode as in 
Textbook Fig. 38.8 is given by 

1.19c 


where c is the speed of light in free space and a is the cavity 
radius. 



_ (1.19)<3 X 10* meter/sec) ,. . 

2.5X10-* meter ~~ ==Mxl ° tans/sec 

.=(10* volt/meter)(1.4x 10 l ° radians/sec). 

= 1.4x 10 14 volt/meter-sec. 
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0 b ) B(r)= y /x 0 e 0 r ~ 


By Problem, ^ yjy = y x 1 .4 x 10 M volt/meter-sec 


Set 


Also Mo e O= “2 


=7 X 10 u volt/meter-sec. 
-a=2.5 X 10"* meter 
1 


R , . o dE __ (2.5 X 10"* meter)(7x 10 18 volt/meter-sec) 
Kn ~ 2c* dt 


(2)(3x 10 8 meter/sec)* 


= 10 6 weber/meter* 


38.22. 

(a) B(r ) 

(b) E(r) 

(c) B(r) 

(d) E(r) 

Maxwell’s equations in differential form are 
(/) VxH=J+y- 


r < R 


r > R 

Mo*> 


fV 

2nR % 


2nr 

V 


_A_ 

4itz 0 R* 


2ite 0 r 

l 

dJE 

Mo e o^* ^ 

yMi o*o r 

dt 

2r * 

1 

dB 

1 iPdfl 

2 r 

dt 

2 r<* 


(//) Vx£=- 


dB 

dt 


(Hi) V.B=0 
(i'v) V.D^=p 

equations satisfy B (r) and £ (r) 

. -(I) 

•••( 2 ) 

where k is a unit vector in the direction of [the conductor. Using 
the cylindrical coordinates, and using only the radial dependent 
term 


with B=ix 0 H, D—t 0 E 

We shall verify that Maxwell’s 
as given in the above table. 

(a) V xB=0 ; (r > R) 

VxB^i =/ ; (r < R) 
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VXB-k (£+f ) 


For r < R, 




M o<> 
2nR* 


PorJ 

2 


3r + r ~~2 + T" MoJ 
V XB=k Mo /=/v/ 

For r > R, 



•§* +* — -L + -L-, 

" 0r + r 2nr* + 2nr« 

V XB=0 



(d) Assuming electric field is negative in the 0 direction and is 
proportional to r, 

E 0 =—Ar ...(3) 

The correctness of this assumption is proved by showing that (3) 
is satisfied by the magnetic field. Here A is to be determined and is 
independent of r, 0 and z. 

V XE+k(f-=f) 

=k(— /4— i4)=— k 2A 


From Maxwell’s equation (i7) 

VXE=— ~=~k2A 
or 


or 


dji 

dt 


=2/4 


or 


1 dB_ 

2 3/ 


Using (4) in (3), 



as 

a/ 


;(/■</?) 


•••(4) 


•••( 5 ) 
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The induced' electric field assumes a maximum value at a radius. 
R. The electric field does not drop abruptly but dies away at r > R 
in such a way that the electric field has no curl. To determine the 
electric field in the space beyond the magnetic field stretches out it 
is necessary to satisfy the following conditions: 

(/) E has no curl, (it) E is continuous with the field given 'by (5) 
at r—R, and (iii) E-+ 0 as r -*■ co. 


Conditions (1) and (3) are satisfied by 


& 

II 

1 

Me* 

•••(6) 

where C is a constant. At radius R, (5) and (6) 
same value of E. 

must give the 

C RdB 


R"2dt 


r Ld2 05 

or C - V R Jt 

•••(7) 

Using (7) in (6) 


R 2 dB 
h 6~ 2r dt 

...(8) 


SUPPLEMENTARY PROBLEMS 
S.38.1. Initial energy stored in the 900 ^f capacitor is 

...( 1 ) 

If this energy is eventually transferred to the 100 af capacitor, 
then 

U t =i C t F,*=*C a IV 

or V t =Vi /C-L =(100 volt) x ^ 30 o volt. 

VC S \ 100 uf 

Thus, the 100 /xf capacitor can be charged to 300 volt, but a 
direct transfer of energy is not possible since the charge from C, to 
Cj will cease to flow when the capacitors have equal potentials. One 
can circumvent this difficulty by first converting the electrical 
energy of C\ into the magnetic energy of the inductor L by closing 
the switch S t for a specified time and then immediately transfer the 
magnetic energy to C t in the form of electrical energy bv opening 
switch S t and closing the switch SV It is known thafin an LC cir- 
cuit the transfer of electrical energy into magnetic energy and vice 
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versa takes place in a time T/4 where T=2n'/LC is the time period 
of the electrical oscillations. The time period for the LC t circuit is 

calculated as T x =2n-J LC X 

=(2 nW (To h)(900 X IO’ 6 f)=0.6 sec. 

Similarly, r a =2re\/LQ=27tV‘(10 h)(100xi0"« f)=0.2 sec. 

The procedure then consists of the following sequence of opera- 
tions: 

Step (/) Close S a and wait for time Tj 4, or 0.15 sec, during 
which time the 900 /*f capacitor is completely dis- 
charged and the current in the inductor is fully esta- 
blished producing a magnetic field in the surrounding 
space. 

Step (ji) Immediately close S 1 and open S t so that now the 
current in the inductor begins to decrease and after a 
time 7’ 2 /4=0.05 sec the magnetic field of L would have 
disappeared and the 100 pf capacitor fully charged. 

Step (ti7 ) Immediately after 0.05 sec open the switch S x . The 
100 jif capacitor is now charged to 300 volt. 

(b) The mechanical analogue consists of the oscillations of a mass 
m attached to two uncoupled springs of force constants k 1 and kz 
as in Fig. S.38.1, the free ends of the spring being fixed to rigid 
walls and mass m is free to slide on a frictionless horizontal table. 
A mechanism R t analogous to switch S a in the electrical case, 



Fig. S.38.1 


allows the spring k x to be released when it is stretched through a 
given distance from the equilibrium position. The same mechanism 
R t may be maneouvered to get the mass detached from the spring 
k x . Another mechanism R 1 analogous to switch S x allows the mass 
m to be attached to k t . Furthermore, R x may also be used to get 
the spring k t looked up when extended to the maximum. 

The procedure for the transfer of deformation energy of spring k t 
(analogous to the electrical energy of C x ) to the spring k t (analog- 
ous to the magnetic energy of the inductor L) is as follows: 

Step (0 Operate R t so that the mass m is attached to k x and 
moved through a distance A. Th en release it. Wait for 
a time TJ 4, where T x — 2n*f mlk v The mass m would 
have required maximum kinetic energy. 
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Step (//) Immediately use mechanism R 2 so that the mass gets 
detached from k lt and use so that m is attached to 
Wait for a time T.J4 whete T 2 — 2n^f m/k 2 . In this 
line m would have ir.omeutaiiiy come to stop when 
the spring k 2 is stretched to the maximum. 


Step (iii) Immediately after time TJ 4 use to get the spring k t 

locked up. 

In the table below are compared quantities related to the 
mechanical and electrical oscillations for the Mass+Spring system 
and the LC Circuit. 


Mass+Spring System 

LC Circuit 

(a) Nature of motion 

Simple harmonic 

Simple harmonic 

(b) Equation of 
motion 

mv*+ kx* 

■4 kA ‘ 

JL \ 

2 2 C 

i e i 

" 2 C 

(c) Frequency of 
oscillation 

i IL 

2u M m 

JL l T 

2-x aJ LC 

(d) Description of 
oscillation 

x=A sin ait 

dx 

V_ dt 

q=Q sin ait 

dt 


S.38.2. ( a ) Let the left parallelepiped contain charge q t and the right 
one charge q t . Applying Gauss law to the left parallelepiped, 

e 0 f 1 E.dS=qi ...(1) 

Simlarly, for the right parallelepiped, 

c 0 / 2 E.dS=q t ...(2) 

Now, c 0 f E.dS=e 0 | E.dS +e 0 | E.dS •••(3) 

1 1 (AC) 1(C) 

where 1 ( NC ) refers to all the surfaces of the left parallelepiped 
which are not common with the right side parallelepiped, and 1 (C) 
means common surface. Similarly, 

e 0 / E.dS=e 0 | E.dS +e 0 j E.dS ...(4) 

2 2 (SC) 2(0 

Adding (1) and (2) and using (3) in (4), 

0i-b9i =c o | E.dS +e 0 j E.dS + e 0 j E.dS +e 0 j E.dS •••(5) 
K‘VO 2(NC) 1(0 2(0 
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The last two terms on the right hand side get cancellea together 
since the normal to the common surface in the fourth term is 
opposite to that in the third term and consequently 


e 0 | E.dS= — e 0 J E.« 

2(C) 1(0 

o j" E.dS -fe 0 | E.dS =e 0 | E.dS 
l(NC) 2(NC) ( Composite ) 

This proves the self-consistency property of Maxwell’s equations. 

{b) Proceeding along similar lines we can prove the desired pro- 
perty by using / B.dS=0. 

b c d a 

S.38.3. (a) f E.dl — [ E. dl [ E. d\ + f E. d\ + f E. dl 

abcda J J J J 

abed 

=-( ' ...a) 

\ dt Jabci 

e f C b 

$ E.dl = f E. d\ + f E. dl + f E. d\ + f E. dl 

befcl J J J J 

b e f c 

= ~{^dT U " ,(2) 

Adding (l> and (2), 

b e f c 

/ E. dl+ f E. dl = f E.dl + f E. dl + f E. dl + f E. dl 

abcda befcl ^ l ^ } 

a b e f 

d a c b 

+ | E. dl + | E. dl + | E. dl+ J E.dl 

cdb c 

= -( ^l) -( \ , 3) 

V dt Jobe* V dt h't* “ ,{JJ 

c b 

Now | E.dl= - j E.dl; ...(4) 

Further, -(% lA^l. 

= — [A( abed ) +i4 ( ^/c)] 
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— — A(dtfi) 


dB 

dt 


ft d$B_\ 

\ dt Jaefd 


...(5) 


Using (4) and (5) in (3), 
be f 


| E.dl+ J 'E.rfl + J E.dl + J E.dl + J E.dl + J E.rfl 

a b e f c d 

= f E . rfl „_(#L) 

aefd V dt Jaefd 

Thus, the self-consistency of Maxwell’s equations is proved. 

( b ) By a procedure similar to the above, we can show by using 

i 

1 - d<p j p i 

— - f B.dl=/-f e 0 — — , the desired property. 

S.38.4. According to Gauss’ law for electricity, 

e 0 / E. dS=q=Sp dv ...(1) 

According to Gauss law for magnetism 
/ B.rfS— ~ —(2) 

According to Ampere’s law modified by Maxwell 
/ B. r/l=/x 0 e 0 ~~ +/V 

= ^o e « -jj~ / E.r/S + Mo f 3- dS ...(3) 


According to faraday's law of induction. 

Equations (1) through (4) are the desired Maxwell’s equations. 


••( 4 ) 
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39 . 1 . Conduction current results from the flow of positive charges 
towards negative charges and negative charges towards positive 
charges due to electrostatic attraction. This is seen to be -consistent 
with the direction of flow shown in Fig. 39.1. 


4* -H -f* + 


- - 


“1 — 

M 

h - 

- - 



— [- 
_T 

r ' 

n 

i 

i 

! 

i 

i 

i 

1 

1 

1 

1 

I 

1 





Fig. 39.1. 


39 . 2 . Assuming the dominant mode, with a=3 cm the as width of 
the rectangular waveguide, and c=3x 10 8 meter/sec, the velocity 
of electromagnetic waves in free space, the phase velocity is 
given by 


„ c 3 X 10 8 meter/sec 

4 1 — (A/2a) 2 V 1 -(A cm/6 cm) 2 

where A is the free space wavelength. 

The group velocity is given by 

v gr =c V 1— (A/2a) 2 =(3 x 10 8 meter/see) 4 1— (A cm/6 cm) 1 
and the guide wavelength is given by 

\ — A _ A era 

4 1 —(A /2a) 2 4 1 —(A cm/6 cm)* 

Fig. 39.2. ( a ), ( b ) and (c) show the plot of \vh, v and \ g as a 
function of A. 
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Fig 39.2. (c) 

39.3. The group velocity v a r is found from 

distance 100 meter . , 

v„r= . = — — - — = 10® meter/sec 

time 1.0x10 “sec 

• — 10 8 meter/sec _ 1 

c 3 X 10 8 meter/sec 3 

Vgr~C 4 1 — (A/2 a) 2 

Solving for A, 

A=2 a 4 1— (v S r/c) 2 =(2)(3 cm) 4 1— (l/3)*=5.66 cm. 

. .. c a (3 X 10 8 meter/sec) 2 , , a8 * / 

Phase velocity, vda= = — 10 8 meter/ scc~~'~~ X ® meter/sec 


39.4. Guide wavelength is given by 
A - 

.4 l-(A/2a) 2 
Set A,=2A 

Use (2) in (1) and solve for A, 
2A- A 

4 i —(A/ 20 )* 

whence, A= V3 a. 
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39 . 5 . The displacement current id by definition is 


M*e 0 




dt 


dt 


=t 0 /4 


dE 

dt 


...«) 


where is the flux, E the electric field and A the area. The 
electric field for the plane wave is given by 

E—Em* sin (Jcx—utt) ...(2) 

dE 

.*. = —U) Em COS ikx — ont) ...(3) 

Using (3) in (1), and setting A= 1 
id— —t 0 01 Em cos ( kx—tot ) 


39 . 6 . The density of energy stored in the electric field is 


ue=\ e 0 E* 

-.(1) 

The density of energy stored in magnetic field is 


ub~^-B 2 

...(2) 

The fields for the plane wave are 


E—Em sin ( kx—att ) 

...(3) 

B = Bm sin (kx~ut) 

... (4) 

Substituting (3) in (1) and (4) in (2) 


uti—\ e 0 Em 2 sin 2 ( kx—<»t ) 

...(5) 

1 Bm * ■ . /. 

UB— r — Sin* (fcx - cot) 

2 Ho 

..(6) 

Dividing (5) by (6), 


U /i w £ 0 /i„ E X m 

UB B X m 

...(7) 

n 1 

But e 0 f* 0 = 

■(8) 

and Em—cBm 

-(9) 


Using (8) and (9) in (7) 


— - =1 or ub = us 

UB 


38 . 7 . For the coaxial resonator of length L and closed at each end, 
the resonant frequencies are v,,~/»v/2£. 
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By Problem, L— 3A/2, whence n— 3. 


,, 1 nnz 

Er— — sin 

r L 


1 3nz 

— sm — — - 

r L 


T)i . i „„„ nnz _ i 3 nz 

09 — — cos — - - = — cos — 
cr L cr L 


(See also Wave Guides by H.R.L. Lamont, John Wilcv & Sons 


59 . 8 . 



Fig. 39.8 

59 . 9 . The guide wavelength A? is given by 
A? 


10 cm 

TRin-fSir 


— 18 cm 


The cut-off wavelength Ac for this guide in the fundamental modt 
Is given by 


Ac=2a=(2)(6 cm)= 12 cm. 

39 . 10 . Figure 39.10 shows the electric field lines for an oscillating 
dipole at various stages of the cycle. In the beginning the electric 
lines will be attached to the charges but as the charges are reversed 
the electric lines are detached, forming closed loops. The magnetic 
field lines are concentric circles around the dipole axis. Far from 
the dipole the wave is essentially spherical moving radially outward 
with velocity equal to that of light. 
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Fig. 39.10. (f ) 


Figure 39.10. shows four figures (e), (/), (g) and (A) in sequence 
to Textbook Fig. 39.9 (a), ( b ), (c) and (d). The fifth figure. 
Fig. 39.10 (i) is identical to Fig. 39.9 (a). The lines of B form closed 
loop that move away from the dipole with speed c. 




39 . 11 . (a) 


Electromagnetic Wares 261 



z-direction 


Fig. 39.11 


C b ) Consider a length L of the conductor whose return path is 
remote. Let the voltage drop be V. Then 

V 

V r)= 2 w 

The Poynting vector is integrated over the surface of the cylinder. 
As 5 is directed radially inward, the caps at the ends do not male e 
any contribution to JSJA. The curved surface alones makes 
contribution to the integral. Thus. 

/ S.dA= /(E z xB^).dA 

Observe that E% and are mutually perpendicular to each 

L 

/S.</A= | EjB^Lkt dz 

0 

L 

=— i | dz—Vi 
0 

where use has been made of (I) and (2). Now the quantity Vi 
represents ohmic loss. We, therefore, conclude that the loss is 
supplied by energy entering through the surface of the wire. 

Within the conductors ?the Poynting vector is directed radially 
inward so that the ohmic loss equal to i 9 R is supplied by the fields 
within the conductors. However, between the conductors the 
Poynting vector is directed towards the load so that the energy 
directed toward the load flows through the dielectric around the 
conductor and not through the conductor itself. 


39.12. For the present problem, 

En=E t ,m sin (ny/b) exp [j («/— kz)] 
E ,= 0 
£.=0 
B.-0 

B,= k -^ sin (*ylb) exp [j («i-*z)] 
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cos (it y/b) exp [j(wt-kz)] 

where Jfc=2it/<*» is the wave-number. 

The average value of the Poynting vector is 

S a ,= -i— P*(ExB*) 

2mo 

where B* is the complex conjugate of B. 

i j k 

'$«•= Re Ex 0 0 

2mo I 

0 By* Bm* I 

= Re (- E.BS J+E*B y *K) -C 

2Mo 

Substituting the values of Ex, B y and B» in (2), we find that th 
first term in the parenthesis of (2) is imaginary whereas the secon 
term is real. The energy, therefore, flows only in the z-directioi 
and, 

sin’to/fOK 

2o>Mo 

The value of Sat, is independent of x and is zero at the walls 
(yx= 0 and y—b) where E is zero and is maximum at y=bf2. 

39.13. (a) The rate at which the energy passes through a face ol 
the cube is 

P=jS.dA 

As E and B are in the xy plane, 
the Poynting vector S points in the 
z-direction, the direction of wave 
propagation. Thus, the energy 
passes only through faces parallel 
to xy plane. It is zero in the 
remaining faces paralled to yx and 
zx planes. For the xy plane, 

P^SldA=^SA Fig. 39.13 

, ExB AEB a*EB 

—A — 

Mo Mo Mo 

where we have set 

(6) As the energy flux within the cube is constant i.e. P is time 
independent, the net rate at which the energy in the cube changes 
is zero. 
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39 . 14 . Radius of the wire, r=0.05 X2.54X 10~* meter 

= 1.27 x 10~* meter. 

Magnetic induction at distance r is 

/i 0 i __(4«X 10 -7 weber/ amp-m)(25 amp) 

2*r “ (2n)(1.27 X 10~* meter) 

=3.9 X 10~ 8 weber/meter*. 

The direction of B is tangent to the surface and perpendicular t6 the 
current. 

Potential difference across 1000 ft or 305 meters is 
V=iR =( 25 amp)(0.1 ohm)=25 volts 
The electric field is 

25 volts 


d 305 meters 


-8.2 X 10“* volt/mexer 


S= — Ex B= 

Mo 


parallel to the current. 

The Poynting vector is given by 

1 EB 

Mo 

since the angle between E and B is 90°. 

• (8-2x 10~ 8 volt/meter)(3.9x 10~» weber/meter a ) 

(4«x 10 -7 weber/amp-m) 

=255 watts/meter 8 . 

The vector S is perpendicular to the plane defined by E and B. 

It is directed radially inward, a result which is given from the 
rule of finding the resultant of the cross product of two vectors. 

39 . 15 . The average value of the Poynting vector is 


S — EmBm 

2mo 


AlSO, Em = cBm 

c_ <*=* 

2mo 


•( 1 ) 

...( 2 ) 

...(3) 


Intensity of radiation =5 =2.0 cal/cm 8 

= (2.0 cal)(4,2 joule) ^ 1Ql watts/meter , 

(1.0 x 10~* meter ) 8 (60 see) 1,4 U watts ' me,er • 
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From (3) we have 



(2X1.4 x 10* joute/m*)(4*x 10~ 7 weber/amp-m) 
(3 x 10* meter/sec) 



=3.4 X 10~* weber /meter*. 


Using this result in (2), 

£»=(3x 10* meter/sec)(3.4x 1CT* weber/meter*) 
•=1020 volt/meter. 


39.16. (a) Bm=> — ==^rfn« V0U ( mC / ter - =3.3 x 10~ u weber/meter*. 
c 3 X 10* meter/sec 

... _cB»*_ (3x 10* meter/sec)(3.3x 10~ M weber / meter*)* 

' ’ 2#io (2)(4n x 10“ T weber/amp-m) 

= 1.3x 10 -u watts/meter*. 


39.17. (a) E is parallel to the axis of the cylinder, in the direction 
of the current and B is tangential to the cylindrical surface. 

Since, S=(ExB),V, it is directed inward normal to the surface 
following the rule for finding the resultant of the cross-product of 
two vectors, i.e. S is perpendicular to the plane formed by the 
vector E and B. 

(b) The rate at which the energy flows into {the resistor [through 
the cylindrical surface is 

P= i S.dA ...(1) 

Since S is directed normal to the spherical surface, we need be 
concerned only with the surface area A of the cylinder. 

A=2nal ...(2) 


where, we have used the fact that E and B are at right angles. 




At the surface, B—~— 
2tsa 


• • 


( 5 ) 


Where we have assumed that a < /. 
Integrating (1) over the closed surface, 

P-S f dA~SA~ ( -^(2*r/) 
i Mo 
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-L i* 

Mo / 


Mo* 

2na 


2nal—i*R. 


The quantity ***jR is nothing but the rate of Joule 


heating. 


39.18. (a) £ points in the direction of /, and B i.> t a agent i i! to the 
cylindrical surface. Hence, S which is giver; by the cross-pioduct 
of the two vectors £ and B points perpendicular to the plane 
containing £ and B i.e. points radially inward. 

(b) Let the radius of the parallel plate capacitor be r, then 

fl=w 8 - - -Cl) 

The induction at the surface of a cylinder of radius r is 

_ 1 dE 

B ~~2 *> tor ~dT '^ 2) 

S== EXB _EB 

Mo Mo 

where we have used the fact that E and B are perpendicular to each 
other. 

Now, 

| S.d\=S | dA^SA ...(4) 


where we have used the fact that d\ is normal to S, and that only 
the curved surface contributes to the integration. 

A=2nrd ...(5) 

Using (3) and (5) in (4), 

EB 

/>= — (2nrd) ...(6) 

Mo 

Using (2) in (6) 

^-(2 urd) 

A* o m* 

=*/’*</e 0 £' —■ 

or P-j S.^=fld-^(i <0 £*) 


where we have used (1) and the identity 
„dE 1 d 
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SUPPLEMENTARY PROBLEMS 


S.39.1. (a) Let / be the length of the coaxial cylindrical capacitor. 
(Textbook Fig. 30.4). Applying Gauss’s law 


c 0 / E.dS=q 
we find 

e 0 E(2nrl)=q 


...( 1 ) 


...(2) 


the flux being entirely through the cylindrical surface and zero 
through the end caps. 


From (2) we have 

r £ 

2 ne 0 r/ 

The potential difference between the plates is 
b b 

q 


I \ 


(jL £_ ln 

2nE 0 l r ~2 *E 0 l a 


b 

a 


*•(3) 


Capacitance C=-%= — °— 
v . b 
In — 

a 

Hence, capacitance per unit length of the cable is 
C 2*e 0 


l 


ln 


(b) The magnetic induction between the conductors is 

D_ U 0‘ 

B ~2nr 


The energy density is 


a 


u— — B 2 — ,t °~ 
2/x 0 " 8 

where use has been made of (4). 


•••(4) 


•(5) 


Consider a volume element dv for the cylindrical shell of radii r 
and r+dr and of. length 6 (Textbook Fig. 36-7). The energy con- 
tained in this volume element is 

d{J~ udv = (Inrldr) — — 

811 V 1 An r 


•••( 6 ) 
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The total magnetic energy stored is given by integrating (6) 

( dU= ^ [ -- lu — 

J 4« J r 4n a 

a 

But U=\Li* 
where L is the inductance. 

Comparing (7) and (8), 

L=*L In — 

2>c a 

Hence, inductance per unit length of the cable is 
L i n * 

l 2 k a 


...( 8 ) 


S.39.2. ^ — -§~, Textbook Eq. 39.10. 
ox ot 


dB 

dx 


?F / 

=/i°e 0 , Textbook Eq. 39.13. 


Differentiating (39-10) with respect to x. 


d *E 

d*B 

8 , 

8B ' 

8 ( 

3 E \ 

dx* 

dxdt' 

II 

CDJ 

1 

( dx t 

reti 

** 1 T ) 


a*£ 

' 3/ a 


where use has been made of (39-13). 


In order to obtain the equation satisfied by B, differentiate 
(39-13) with respect to x 

d*B _ _ _3/3£\ 

dx* M ° € ° dxdt M ° e °erV dx ) 


d ( dB\ , d*B 
~ Mo€ ° dt \~dt)~^ t0 ~d^ 

where use has been made of (39.10). We therefore obtain 
d*B _ &B 
d# ~' x ° e ° dt* 


S.39.3. (a) || —Ac 


dB_ 

dt 


*=Ac 
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Thus E and B satisfy (39-10) 

J±—A 

dx 

Mo'o Mo e o( —AC*) = ~ A 

Since c*— — — 

/*o*o 

Thus E and B satisfy (39-13) 

8 E_ J _ 


8 B_ 

~jr Ac 

Thus, E and B satisfy (39-10). 
dx 

dE Ac * __ J 
Mflt ° dt ~~*~ A 

Thus E and B satisfy (39.1 3). 
(c) ~ —Ac e*~ ct 


Thus (39.10) is satisfied. 


— —Ae*~ et 


Mo«« d 4 ; = K{-Ac*)er''> A<*~“ 


Thus (39.13) is satisfied. 

/ j\ 'dE Ac 

dx^x+ct 

~’d^ ms x£ct' ^ hws * 8 satisfied. 

3 *_ A 
dx “x+ei 
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a e 

m o«o ?r- 


c* 


Ac* 


dt ~~ c* x+ct~~ x+ct 
Thus (39.13) is satisfied. 

(e) To show that the given functions do satisfy equation (39.10) 
and (39.13) write for convenience 

y—x— ct 

Then , .ft fL- A ,U 

\dx dy dx dy 


as, 


ay 

dx 


> 1 . 



df ZJL 
3 y dt 


—Ac 


V 

dy 



Thus (39.10) is satisfied. 

J B =-A*f 8y — A 1 / 

8x By Sx ' By 
BE Ac BfBy Ac B f B f 

^ W~c*~ By Bj { ~ c) -~' A ty 

Thus, (39.13) is satisfied. 

The corresponding situation for functions of (x+ct) is 
E~Acf (x+ct) 

B— —Af (x+ct) 


S.39.4. ( a\E~Em sin <*>t sin kx 
B — Bm cos wt cos kx 


BE = _ BB 
Bx Bt 


..(39-10) 


•• ( 1 ) 

...( 2 ) 


bb_ 8£_j_ *§ 
Bx hE ° Bt~ c a St 


...(39.13) 


Differentiate (1) with respect to x and (2) with respect to t and 
use the resulting expressions in (39.10). 


BE 

Bx 


=kEm sin o>t cos kx 


Bt 


= —o>Bm sin <ot cos kx 
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.*. kEm sin at cos kx—wBm sin cot cos kx 

or kEm—uiBm ”*(3) 

Differentiate U) with respect to x and (1) with respect to t and 
use the resulting expressions in (39.13). 


SB 

Sx 

SE 

St 


= — Bmk cos wt sin kx 

Emoi cos cot sin kx 
1 


or 


Bmk cos wt sin kx= — Emw cos wt sin kx 
c 2 

BJc= 

c- 


Multiply (3) and (4), 

]A— _ 

C* 

or w—ck 

Use (4) in (5) to find, 

Em— cBm 

(b) The Poynting vector is 
S=— ExB= — 

Po *0 

Since E and B are at right angles. 

Use (1) and (2) in (7), 

(Em sin wt sin kx)(Bm cos w t cos fcs) 
N 


(EmBm)( 2 sin wt cos wt)( 2 sin kx cos kx) 
EmBm 


4^o 


4*o 

sin 2 kx sin 2 wt 


(c) 


-rJ 

0 

=H 


S sin wt dt 


EmBm . . , . _ . , 

. sin 2 kx sin 2 wt sin wtdt 

4/* 0 


.••(4) 


...( 6 ) 

•••(7) 
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EmBm sin 2 kx 




| si 


sin 2 cot cos u>tdt 


EmBm sin 2 h f . , ... . 

: r — J sm- a>t a (sin a> r) 

2 u 0 T<o J 


0 


=0 


(d) The fact that 5o»=0 means that the net flow of energy across 
a given area is zero. This is reasonable since we are here concerned 
with a standing wave. 


S.39.5. (a) Sa»= — — 

2 i*qC 

or Em^JipcSut 

*=*[ (2)(4nX 10 -3 \vebcr/amp-m)(3 X 10 s meter/secKlOx 10"® watt) 
=8.68 Xl0' 2 volt/mcter. 


The effective or root-mean-square electric field is 
E { rm»= ==6.14 x 10" 2 volt/mcter. 

<» 2.9X10-” 

c 3x iO 8 motor/ see 

=2.1 xl0" in weber/m 2 . 


weber/m 2 


(c) Total power^radiated 
P= 4nr*S 

=(4n)(10xl0 3 meter) 2 (10x 10~ # watts/meter 3 ) 
= 1.26 X 10® watts. 


S.39.6. (a) By Supplementary Problem 39.1, the potential difference 
between the plates is 


where 

Let 


T . q , b \ b 
f' = x- L -j In — = . — In — 

2j w„/ a 2*e 0 a 

A = ■— is the charge density. 

V—E in (1) and using the result of Problem 28.17, 

E = A A— 

2*e„r r In b/a 


-d) 


••( 2 ) 
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For a < r < 

B~ 


b, 

Mo£ 

2isr 


/ 



...( 3 ) 


(b) S— — ExB 
Mo 

~Mo Mo r In b/a 2 nrR 

_ E* 

~ 2nr*R In b/a 

where use has been made of (2) and (3). 


..(4) 


(c) The total power flowing across the annular section a < r < b 
is given by 


b 

P~ J S(2nrdr) 

a 


••(5) 


Using (4) in (5), 


P— 


\ 


E 2 ( 2nrdr) 
2 nr 2 R In b/a 


b 

E % f dr E 2 . 6 

~ R In b/a J r ~ R\n b/a n a R 


Now, E 2 /R~Pj, the rate of Joule heating. Therefore, the result 
obtained is reasonable. The Poynting theorem locates the flow of 
energy entirely in the field space between the conductors. 

(d) If the battery is reversed, then E-> — E and because current is 
reversed, B-+ — B, and consequently 

S->— - ( — ■ E) X (— B) = EX ® =S 
Mo Mo 

Hence S is unchanged in magnitude as well as in direction. 


S.39.7. (a) The charge on the surface is, 


current 


q—(2nRl) <s 
<0 

- 2 ~ 


2izRlau > 

z 2n = 


z Rh to 
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Magnetic induction 

d AV Pa(Rfoa)_ „ 

B= — = y =n 0 awR- 

(b) Faraday’s law of induction can be written as 
/ E E .dl~E=EE(2nR)= 

— «• f 

= - nR'n^^— 
where use has been made of (1) 

(c) S=— EXB = -i- ( — V/i 0 <r/?cu) 

Mo Mo \ * / 

— — 

(</) Flux entering the interior volume of the cylinder 
=SA=(i/i 0 <j , R 3 atL)(2nRl)= p 0 na 9 R*l ota 

Now, =n 0 tR~ =i^aRtt 

where use has been made of (1). Now (4) can be rewritten as 
/ «/?*/ \/ it/? 2 / „ dB dtnR 


■m- 


,<jRto)(ix 0 <jRa.)— 


B dB <// « RVIP \ 

dt dt V 2n 0 ) 


where use has been made of (1) and (5). 



40 NATURE AND PROPAGATION OF LIGHT 


40 . 1 . From Textbook Fig. 40-2 we find the relative sensitivity of 
50% for 

(a) 510 m/t i.e. 5100 A° and 610 m/x i.e. 6100 A° 

( b ) Eye is most sensitive for A=5600 A 0 . 

_ c 3 XlO 10 cm/sec . , rt ,. , 

.. Frequency, v— ^ — 560OX 10 -8 cm~ 5 ' 4X 0 c ^ s ' 

Time period, =L85x 1° -15 secs - 


40 . 2 . Gravitational force between sun and the space ship is 
r GMm 
F r* 

Mass of sun, A/= 1 .97 X 10*° kg. 

Mass of space ship, nj=-100 slugs= 100 x 14.59 kg— 1459 kg. 
r=sun-earth distance = 1. 49 X 10 u meters. 

G=6.67x 10 -n nt-m 2 /kg 2 . 

(6.67 x 10 -11 nt -m 2 /kg a )(l .97 X 1 0 3 ° k gK 1459 kg) 
~ (1.49 X 10 u meter) 2 

— 8.64 nt. 

r- / • 2 £/ 

Force/unit arca = , 


since it is assumed that the sail is perfect reflector. 
(7=1400 watts/meter 2 
c=3x 10® meter/sec 

2(7 

Total force = — A, 

c 

where A is the area. 

'll! 

Set — /I =8.64 nt/m* 

c 

8.64 c _ 8.64X3 Xl°« 

“ 2(7“ 2x1400 

=9.2 x 10* meter*. 


or 
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40 . 3 . Under the assumption that earth completely absorbs radiation, 
force on earth due to radiation pressure is ' 



where A—nR 2 , area of a flat disc whose radius is the radius of earth. 
With ' 

17=1400 watts/meter 2 
c=3x 10® meter/sec 
/?=6.4X 10* meter 

O400 watts/meter*) 

(3x10® m/s) 

Gravitational attraction between earth and sun 

„ Cl Mm 
F = — 

With Af=l .97 x 10 S ° kg 
m=6.0 x 10 2 * kg 
r=1.49xlO u meters 
(7=6.67 x 10" 11 nt-m a /kg 2 

(6.67 X IQ' 11 nt-m 2 / kg 2 )(1.97 X 10 3 ° kg)(6.0x 10 2< kg) 

* " ~ “ (1.49X10 11 ra) a 

-3.6 X 10 22 nt. 


40 . 4 . Let a plane electromagnetic wave fall perpendicularly on a 
perfectly absorbing surface. If the incident momentum per unit 
volume is p then the amount of momentum associated with the 
radiation falliag per unit time is given by the quantity pcA. By our 
assumption, the radiation is completely absorbed by the surface so 
that pcA is also the momentum absorbed per unit time by the sur- 
face of area A. Thus, the force on this area is 

F—pcA. 

Hence, the radiation pressure is given by 

F 

P(rad)~ : —Cp = U — Z f> E 2 

A 

where u is the energy density. 

On the other hand, for a perfect reflector, the reflected light has 
momentum equal in magnitude but opposite in direction so that the 
change in momeutum per unit volume is 2 p and the corresponding 
radiation pressure is 

/ > <r«<»)=2c/>=2u=2e 0 £ a 
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As the radiation pressure is doubled, the energy density is also 
doubled, half of the photons traversing towards the mirror and an 
equal number in the opposite direction after reflection. In general 
the above result holds irrespective of the incident energy that is 
reflected. 


40 . 5 . Let n bullets travelling with speed v strike a plane surface of 
arca/meter 2 at right angles in unit time. Then, 

Pressure— — =momentum delivered/sec/unit/area 
unit area ' 

=nXmv ...(1) 

under the assumption that bullets are completely absorbed by the 
surface. 

Consider a box of length v meters and unit cross-section so that 
volume of the box is v meter*. 


Energy flowing/unit area/sec=«x£ mv*. 

Energy density=nx£ mv 2 /v=$ nmv. ...(2) 

Compare (1) with (2) to conclude that ‘pressuie’ is twice the 
energy density in the stream above the surface. 


40.6. m=100 slugs- 14.59X100 kg=l459 kg. 

Power — 10 4 watts 

C/==cnergy radiated in 1 day — (10 4 watts)(86400 secs) 
= 8. 64 X 10 8 joules. 


Momentum delivered to the space ship is, 
JJ (8.64 X 10 8 joules) 

— c - (3X10* meter/sec) 


= 2.88 nt/meter 2. 


Velocity increase— 



2.88 nt/meter 2 
- (1459 kg) 


0.00197 meter/sec®* 2.0 m/sec. 


10.7. Consider a sphere of radius r==1.0 meter. Let the bulb be 
located at the centre of the sphere. Consider a small area A at dis- 

A 

tance r. Energy falling/sec over area /4==500x watts. 

Set A~ 1.0 meter* and r=1.0 meter. 

500 

U r 39.8 watts/meter*. 
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Momendum delivered P : 


U 


(Under the assumption that the surface is perfectly absorbing) 


Force 


(39.8) 


L = M = 

t ct (3x 10 8 )(1.0) 


= 1.3xl(T 7 nt. 


Radiative pressure: 


force 1.3 X 10~ 7 nt 


area 


^T0~meter*~ = ^* 3 X nt/meter*- 


40.8. The uncertainty in the distance to the moon. 

S/?— 0.5 mile =0.8 km = 800 meters.' 

Therefore, uncertainty in time, 

8/? 800 meter __ 

IT ~~ 3x1 6 ® me t e r /sec ~ 2 • 7 x 10 “ 6 sec=2.7 /xsec. 


St 


40.9. Roemer (1673) was the first person to establish that light 
travels with finite speed at about 186,000 miles per sec. The planet 
Jupiter which revolves around the sun once in about 12 years, has 
12 satellites of which four can be seen with the aid of a low power 
telescope. These satellites revolve around Jupiter in the same plane 
as Jupiter itself and each is eclipsed once in every revolution 
as it enters the shadow of Jupiter. The principle of the determina- 
tion of velocity of light consists of estimating the apparent time of 
revolution of one of the satellites obtained from successive eclipses 
when the earth is nearest to Jupiter and when it is farthest. Roemer 
noticed that eclipses take place 16J minutes or 1080 secs late when 
earth is farthest from Jupiter compared to when the earth is closest. 
The delay is attributed to the extra time that light has to take in 
travelling across the diameter of earth’s orbit. Now, the earth’s 
orbit was known from the method of triangulation and is around 
1.86X 10* miles. It follows that velocity of light, 

1.86 X10 8 1C , ^ , 

c— - jQQQ — =186,000 miles/sec. 

(0) Refering to Textbook Fig. 40.11 when earth moves from x to 
y, the earth-Jupiter distance has increased, Therefore, one expects 
the apparent time of revolution of Jupiter’s setellite to increase. 

(6) Two observations are needed. 

(1) Timing of eclipses. 

(ii) Diameter of earth’s orbit around the sun. 

40 . 10 . The uncertainty of measurement in c is less than 0.0001%’ 
We should not have an error in the length more than 
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A R A c 0.0001 
R~ c ~ 100 ~ 1U 

Set, i?=1.0 miles=63360 in 

AjR=(63360 in.)X 10 -6 =0.063 inches. 


40.11. Set 


1 

Vi-v*/c* 


= 1.01 




=0.98 


whence, v/c=V0.02=014. 

40.12. A=4340 X 10 -8 cm 

A' =6562X10~* cm 
0=180° 

w •'-7T 

1-v/c _/ y_r c/A ' t /_a_V 
l+v/c \ v y L c/A J \ A' y 


1 — r/c 
l+v/c 


(4340X10-* cm) 2 
(6562X10-* cm) 2 U,W/ 


whence, v/c= 0.39 

.*. v=0.39 X 3 X 10 8 = 1.2 X 10* meter/sec. 

(6) It is receding. 


40.13. (a) Let v be the frequency of the incident microwave beam. 
Let the car be approaching with spped v. Then the frequency seen 
by the car is 

v'=v (l+v/c) ...(1) 

Upon reflection the microwave comes back as if it was emitted byfa 
moving source travelling with speed v towards the observer. There- 
fore, the frequency observed 

v' r =v' ( 1 + v/c) = v (1 + v/c) 2 ...(2) 

where we have used (1). 

Av*=v'— v=v(l+v/c) 2 — v 
We can assume v/c < 1 

... A,=,( !+•£ + £)-, 

Neglect the quadratic term v*/c 2 . 



Nature and Propagation of Light 279 


Av=*2v 


v 

c 


For a receding car it can be shown, proceeding along similar 
lines, that Aves — 2>> v/c. 


(b) Av=2v -- 

c 

v=2450 mega-cycles/sec = 2450 X 10* c/s. 
Let v be expressed in miles/hour. 


c— 186,000 miles/sec= 1.86 x 10® X 3600 miles/hr. 
==6.7 x 10® mph 
Av __ 2v _ 2 X 2450 X 10* c/s 
v c 6.7 x 10 s mph 


=7.3 (cycles/scc). 


40.14. V '=v(l-v/c) ...(1) 

AA=A'-A 

• _aa = a;_ i__v , 

A A 1 — v'" 1 

"( 1+ 7 )-'“7 

where we have neglected higher order terms in the series expansion. 


40.15. A=5500 X 10 -8 cm 
Radius, r== 7 X 10 8 meter=7 x 10 l ° cm 
Period of rotation, 7=24.7 days=24.7 X 86400 sec 
=2.13x 10* sec 


V=wr= 2nr/T 

By Problem 40.14, AA=A— =A — 

C x c 

_ (5500x 10~ 8 cm)(2n)(7x IQ 10 cm) 
(2. 13 X 10® sec)(3 X 10 10 cm/sec) 
=3.8 X 10 _1 ° cm 
=0.038 A 0 . 


40.16. v=40x 10® c/s 

v'=v (1+— COS0) 
c 

, v a 

Av=v — v=v— — COS o. 

c 
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Now, AB=—vt, since on left side of B, time is minus. 


BC— 250 miles. 


—v/ 


0 _ AB 

'* C ° S AC Vv 2 r 2 +(250)« 

where t is negative and is expressed in hours. For the path AB, 
-w*r — 3.87x 10® t 


Av= 


c/v*/H (250)* V / 2 + 1.9 X 10“ 4 


(For the path AB) 



Fig 40.16 (a) Fig. 40.16 (b) 

For the path BQ, t is positive and consequently Av will be 
negative. Fig. 40.16 (6) shows the plot of Av against t. 

40 . 17 . v/c=0.2 

Aflh««=4750 X 10~ 8 cm 


V 


v O-y/c ) ^ 1 1— y/c 

V 1— v*/c 2 v 1+v/c 


V 

V 


■Vi 


1+0.2 


0.816 


A' v'=Av 

v _, v _4750x 10~ 8 cm 

A A v' 0.816 


= 5821 x 10~“ cm. 


The colour would be yellow-orange (see Textbook Fig. 40,2). 


40 . 18 . 

(a) 


v_ _ 8.61 x 10* mete r/sec 
c 3.0 x 10* meter/sec 


=2.87 X10‘* 


„/„„(! +P cos 0) 
-/l-p 2 
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Set 6 = 180° 

v t '=v (1— 0)(1 — P*) -I, *==v(l— P)(1 + 1P* + ) 

=v(l-P+i(P) 

AVl = V— v 1 ' = v(p — iP*) 

Set 6=0 

v 2 '=v(l+p)(l-fl«)- 1 / 1 = v(l + ?)(H-^* + ) 

=v(l+p+p=ip*) 

Av 2 = V 2 ' — v = (P + $P*) 

- A - = p« =(2. 87 x 10 -3 )*=0.824x 10 -6 

V V 

(b) v l '=v(l — p+P*) 

Av x =v(p— p*) 
v 2 '-v(l+p+p») 

Av 2 =v(p+p*) 

— - Avi = 2p 2 = 2(2.87 X 10“ 3 )= 1 .65 X 10 -6 

V V 

See Textbook Table 40.2 for comparison. 


SUPPLEMENTARY PROBLEMS 


S.40.1. (a) v= 


S. - 3XI ^ ° f r/Ki: - 10* cycles/sec 


<» 


Bm = 


Em_ 300 volts/meter 


10* weber/m* 


c 3 X 10* meter/sec 
B is perpendicular bo both E and the direction of propagation, 
(c) E—Em sin (kx—ut) 

k=~ = , A 2 * - =2.09 meter* 1 . 

A 3.0 meter 

a»=2wv=(2w)(10* sec -1 ) =6.28 X 10* radians/sec. 


(<0 Time average rate of flow of energy is given by the average 
value of Poynting vector, S •», 

1_ _ _ (300 volt3/meter)(10~* weber/m 1 ) 

“* 2p 0 m— (2)(4v x 10“ 7 weber/amp-m) 

«■ 1 19.4 watts/ meter*. 
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(< e ) For a perfectly absorbing surface of area A momentum 
delivered per sec, 

S.,e _ 1 19.4 watts/meter 2 . w . 4 

i VTft i ; — i =4x 10 A nt. 

c 3 x 10* meter/sec 


Radiation pressure = 


S.40.2. e 0 E X B=e 0 ^ 0 


force _ momentum delivered/sec 


area 

_4X 10 ~ 7 A nt 
A 

ExB_ S 
Mo c* 


area 

=4x 10~ 7 nt/meter 2 . 


Since 


1 £ X B 

c 2 = — - and S= is the Poynting vector 

Mo e o Mo 


r Fy Rn [S] [power /area] 

Lo J [c 2 ] [(velocity) 2 ] 

__ [ML 2 r~ 2 /Z, 8 ] _ [MLr~ 1 ]_ [momentum] 

[LT~ 1 ] 2 [JL*J [volume] 

S.40.3. Gravitational force on the particle of mass m and density 
p at a distance r from the sun of mass M is 

„ Mm __GM 4-nR 3 p 
F$r—G r 2 ' r t 3 

=-y(6.67xlO~ u nt-meter 2 /kg 2 )(1.98xl0 30 kg)(l000-^ 

R* 

=55.3 XlO 22 -,-nt ...( 1 ) 

where R is the particle radius. 

Solar radiation received per second by the projected area itR* at 
distance r from the sun is 

C/=(Mean total solar radiation) r 

=(3.92 X 10 2 « watts) =9.8 X 10 2 » watts. 

Momentum delivered to the particle per second is, 

U 

P= T 

Thus the radiation force 

f"( ^^7-^Xiin ^ ) 



Nature and Propagation of Light 283 
Condition that the particle is blown out of the solar system is 

Fgr^Frat 

Using (1) and (2) in (3), 

55.3 X 10 a2 ^y-< 3.3 XlO 17 -^ 

r* r* 

(a) or R< 5.9 XlO -7 meter *-(4) 

(Jb) Set R=R 0 in (4) : The critical radius 
110=5.9 X 10 -7 meter. 

j[c) Condition (4) is independent of r. Hence, R 0 does not depend 
on r. 



41 REFLECTION AND REFRACTION- 
PLANE WAVES AND PLANE SURFACES 


41.1. A stationary disturbance produces spherical wave-fronts. 
However, in the present problem the wave-front of the disturbance 
can be found out by exciting in sequence a row of stationary sources 
of disturbance. We can determine the disturbance at a subsequent 
time t 2 by drawing spheres of radii u (/ 2 — / x ) around various 
points along the path of the object. The resulting wave-front is the 
envelope of spherical waves which originate at the nose of the 
fast moving object at successive instants in its flight (Fig. 41.1). 
The wave front is a common tangent to the secondary wavelets 
given by the usual Huygen’s construction. The envelope would be, a 
cone of semi-angle a given by 

. ut u 
sin a= — = — 
vt v 

{Should v be less then u than a would be imaginary and the spheri- 
cal waves have no envelope. In other words, no wave front is 
formed. 



41.2. Mirror is rotated through angle a. The normal is also rotated 

through angle *, NBN'—x. The reflected ray BC becomes BD for 
the new position so that angle of rotation of the reflected ray is 

CBD. 

ABN'=N'BD 
CBD=N'BD+CBN' 

=ABN’ + ( NBN ' - NBC) 

= NBN' +ABN+ NBN' -NBC 
But NBN'—* and ABN = NBC 
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/. CBD — 2a. 

that is, the reflected ray is rotated through 2« if the plane mirror is 
rotated through a. 

41.3. From Textbook Fig. 41.2, « = 1.46 for A=5500 A 

„ c 3 x 10® meter/sec . / 

v= — = --- — - — =2.05 x 10® meter/sec- 

n 1.46 

At a / \ c 3 XlO 10 cm/sec -i 

41.4. (a) v- t = --_-_ 5 L-„5.09X10'< S cc 

<M x= — = -=3875 A- 

n 1.52 

(c) As the frequency in the medium remain . unchanged 

v— v A'=(5.09x 10 14 sec _1 )(3875 x 10 -8 cm) 

= 1.97 x 10 10 cm /sec. 

_ c _ 3 x 10® mete r/ sec , 
n v 1. 92 x 10® meter/sec 

41.6. (a) $«= 0.00001 

-:=3 x 10 8 km/sec 


dc— * dn+ dv 
cn dv 

dc = vdn+ndv ...(1) 

Since n and v are uncorrelated. 

Sc = 4 (dc) 1 = 4 (hip t- 2 +(8v) 2 n 2 ...(2) 

From (1) the extra uncertainty arising from uncertainty in 
refractive index is 

vS/! = ^-$/t =(3x 10® km/sec) (~y^jy j = 3 km/sec 

(b) Now /i8v=(1.0003)(l km/sec)=1.0 km/sec 
8c=V(3)*+(l)*=Vi0 -3.16 km. 
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If we want to reduce Be to 1.1 km 
Set Bc= 1.1= V(3 X 10® X Sn j*+ 1* 

or 8n=0.0000015. 

Thus, n should be measured with an accuracy better than a factor 
of 15. , 

41 7. In Textbook Fig. 41.6 we find the angle of incidence 6=59° 
and angle of refraction a==35°, so that the refractive index 
sin 0 Wn SQ° 

fl— =1.49. The angle of deviation <I>=48°. 
sin oc sin jj 



In Fig 41.7. (a), the ray is traced for the angle of incidence 
6 1 =45°. 

The angle of refraction at the first refracting face is calculated 

x- sin ®i sin 45° 

from sin <*. = -= — r~ ? ?r~ • We find *,—28 20 . 

n 1 .49 1 

As the angle of prism ^=70°, we find a 1 =70°— 28°20' 

=41°40'. The angle of emergence 0 a is caiulated from sin 0 a =/i sin 
«u= 1.49 sin 41°40' ; whence 0 a =82°. The angle of deviation 
^r=e i -« 1 +0,-* 2 =45°— 28°20'+82 o ~41 o 40'=57°. 


✓ 



In Fig. [41.7 (6), the ray is traced for the angle of incidence 
0i~75 0 . Proceeding as above we find a.=»40°25', «.= 29°35', 
»,=47°22' and 52*22'. 
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41 . 8 . (a) n= 1.52 
Critical angle of reflection, 

sin0— — 

n 1.52 

0, l\. 2'«4T 

When 6 i' maximum, * will be least (Fig 41.8). 

But o is complimentary to (3 and so also 0 X is complimantary to 
(3, so that a — 1), r -Hj. But least value of 0 2 is 0c for which total 
internal reflection takes place. 

.'. Max. value of ^ is 90— «=90— 41°==49° 


a 



0r = 61.3 c ~61° 


Set a = 6 1' 

90 -a = 90- 61 « 29 

41 . 9 . 0 is small, so that a is also small. Hence v -- 2( t* — x) is also 
small. Angle of prism 4 is also small. 

sin 2 

” siM/2 <j>/2 

Simplify and rearrange to obtain 
ty—(n— \)<j> 


or 
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Thus, the angle of deviation is independent of angle of incidence. 

41.10. ^=60 

«= 1.6 

(a) n— ~~ — 

sin «, 

sin *2=7-7- =0.625 

l.o 


a 2 =39° 

90- ai +90-#2=180-^ 
or a 1 =«4—a 2 =60— 39=21° 

sin 6 

— : =n 

sin a 

.’. sin 0—« sin *i= 1.6 X sin 21°= 1.6x0. 358=0.5728. 
or 0=35° 

(6) a 1 +o 1 =^ 

Set *!=a 2 

2 a 1 =^= 60 ° 

or a 1 =30° 

sin 6 

— _ =« 

sin a x 

• sin 0=n sin <*1= 1.6 X sin 30°= 1.6x0. 5=0.8 
or 0=54°. 



Fig. 41.1f 
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41.11. #1=45° 


a 1 =60°— aj 


sin 0 2 =n sin 

« 2 ; 4>=®i- 


« 2 




Light 

A 

n 

a l 

«2 

02 


Blue 

4750 A 

1.463 

28°54' 

31°06' 

49°05' 

34°05' 

Yellow- green 

5500 A 

1.460 

28°58' 

3l°02' 

48°49' 

33049, 

Red 

6100 A 

1.456 

29°05' 

30°57' 

48°22' 

33079, 



4112. 

0 X sin 0* 

10° 0.17365 

20° 0.34202 

30° 0.50000 
40° 0.64279 
50° 0.76604 

60* 0.86603 
70° 0.93969 
80° 0.98481 


0. 

sin 0 2 

7°45' 

0.13437 

15°30' 

0.26724 

22°30' 

0.38268 

29°0' 

0.48481 

35°0' 

0.57358 

40°30' 

0.64945 

45°30' 

•0.71325 

50°0' 

0.76604 


_sin 0 X 
sin 0, 

8=n — m 

1.292 

+0.018 

1.280 

+0.030 

1.307 

+0.003 

1.326 

-0.016 

1.336 

-0.026 

1.333 

-0.023 

1.317 

-0.007 

1.286 

+0.024 


»=1.310 ± 0.02 
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$=deviation from mean value 

«,= y/ o*~ =0.020 

Observations are consistent with Snell’s law. 



-d) 

...( 2 ) 

...(3) 


X 

cos 0sal = — or a=x 

a 

a+b=x+- t - =0/ 

n 

whence x~6t — — — 

n 

41 . 14 . For Xbiut, hb~ 1.463 
For A r «», 1.455 

For blue light 0cr<«icai=43.r. Fig. 41.14 

For Red light 0crir;ca/=43.4° 

(a) At 0c*43°, blue light will be internally reflected but red light 
transmitted, as the critical angle for the red light is slightly greater. 
Therefore, when white light travels fused quartz, at around 0=*43 0 ’ 
internal reflected light will contain blue component and red com- 
ponent will be transmitted. 

( b ) As the angle of incidence is allowed to increase the internally 
reflected light will contain both blue as well as red components. 
Separation of blue colour is not possible. 



41 . 15 . sin 0c=l/« 

The fraction of light energy that can 
escape is equal to the fraction of the 
solid angle through which the light can 
pass upward, towards the surface with- 
out total internal reflection. Let the 
light go through a cone whose half 
angle is equal to the critical angle 0 f 
such that sin 0c=l/n, where n is the 
refractive index (Fig. 41 15). 

The fraction of solid an?ie 



Fig 41.15 
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- _ 2ic(l— cos 6c) . 1— cos 0c 
J 4« ~ 2 

or / =i-|Vl-sin 2 0„ = *-J nVn*— T 

For n— 1.3 3, 

- 25013 v ' 135 ^ 1 = 0 - 17 - 
41.16. In Fig. 41.16 sin 0!=i n 

But s 42l>= n 
sin a 

.'. sin a=J 

or a=30° ; (3=60° 

Y= 180— (75 +60)=45° 



Fig. 41.16 


8—90° 

a 2 — 30° 

sin 0. 
n— — =- 
sin oc 8 

.*. sin 0 # =/i/2=sin 0 X 

It is sufficient to show that the normals at the surface on which 
the ray is incident and the one from which r emerges are at right 
angles. But this is so, as these normals are parallel to the two faces 
which are inclined at 90°. 

41.17. Let na=rcfractive index of glsss in air, 
m=refractive index of liquid in air. 
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w to=refractive index of liquid with respect to glass 

n ig=nalm v(l) 

At small angle 0 incident ray will be able to penetrate liquid and 
escape into air. By increasing 0 continuously, we can find when the 
total internal reflection occurs at air-liquid interface. Let the criti- 
cal angle be 0/. At the critical angle the ray suffers total internal 
reflection at the liquid-air surface and goes into the glass and can 
be observed. 


«i= 


1 _ 
sin 0/ 


...( 2 ) 


If 0 is allowed to increase then at a higher angle 0*z the ray suffers 
internal reflection at the glass-liquid surface. 


1 

n v i= 

sin 0 gl 


...(3) 


The refractive index of liquid is found out from (2). With the use 
of (I) and (3) together with the knowledge of n t obtained from (2), 
the value of refractive index of glass (n t ) can be found out. 

The method works provided n Q > 



n= 1.366 


41.19. sin 0«= — =0.6667 

n 1.5 
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0 e =41.8° 


r=0.5 tan 0c=O.5 tan 41.8° 
=0.5x0.8941=0.447 cm. 

Area of each circle=nr 2 =rc(0.447) 2 
=0.627 cm*. 

Area of each side=1.0 cm*. 

The centre of each face must be 
covered with a circle of radius 
0.45 cm. 

Fraction of area covered is 0.63. 



Fig. 41.19 


41.20. Consider a ray to proceed from the point A and upon reflec- 
tion at B in the plane P to arrive at the point C- (Fig. 41.20). 
Construct the normal N through A perpendicular to the plane P. 
Extend the normal N as far behind the mirror as the point A is in 
front of the mirror i.e. A'D—AD. Join AB and draw the straight 
line A'BC. As the triangles ABD and A'BD are congruent, 
AB=A'B. Hence, the path ABC=A'BC. Now ABC is one possible 
path fron A to C via the reflecting surface. For any other path 
AB'C is equal to A'B'C which is greater than A BC siDce the side of 
a triangle is shorter than the sum of the two other sides. In accor- 
dance with Fermat’s principle light follows the path ABC which is 
the shortest. It is obvious that any path from A to C via a point B ’ 
on the plane P but outside the plane of paper will be greater than 
the straight line A’BC. Hence, the reflected ray lies in the plane of 
incidence, this being the plane containing the incident ray AB and 
the normal to the reflecting plane at B. 



rig. 41,20 
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41.21. The total optical path is 

/= Vfl 2 T-v s + vW+ (</-x) 2 ...(1) 

£ =^-x2xX(a 2 +x 2 r 1/2 + y (-l)(rf-x)[t 2 +(rf-x)*r ,/, **0 

. x d~x 

’* V fl 2 +x 2 ~ V Z) 2 +(J-X) 2 

Solve for x to find x=-~~. .. (2) 

a+b 

Use (2) in (1) to find 

/=V>-f(o+6) 2 ...(3) 

d?l d x d_ (x-d) 

dx 2 dx \/x 2 -f-a 2 */x V (x— d) 2 -f£ 2 

Vx 2 +a 2 Xl-rX Yl Jx'+a 2 V O^d)* +6* X 1 ~(x~d) 
= xHhfl 2 + (x~d)*+6 2 

1 2x(x— d) 

X T X V (x^) 2 +A 2 


a* b 2 

“(x*+a 2 ) 8 ' 2+ [(x-d^+ft*] 3 ' 2 

(<?+&)* _ ... 

_ <d>[d 2 +(a+6) 2 ] 3 / 2 P 0Sltlve 

where we have used (2). 

I given by (3) is a minima. 

Next consider the problem of refraction. 

l=n l l l +ml i =n l «I a , +x 2 +n, V6*+(d— x)* 

dl _ J 2x_ n t xlx2( — l)(d— x) 

dx ni 2 V‘o*+x 2 + V6 3 +(d-x) 3 

dl tt x x n,(x -d) 

or dx~Va«+x 3 V6 2 +(x-d) 2 

*/ ».[' /a ’ +:t ' x1-)iX T x2j(X ??+5] 

dx* (fl*+x*) 


...(4) 

...( 5 ) 
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[yres=ay X i— (*— ■ 

+ " 2 [6 2 T(d-;c) 2 ] 

dH n "16 2 ... (6) 

</x 2 -(a 2 +x 2 ) 2 ' 2 " t '[A 2 +W-xi 2 J 3 / 2 

For any value of x, expression (6) is positive showing thereby 
t hat it is a minimum. 


41.22. Optical path 1=AC+CBm 

Now, UC) 2 -(CZ>) 2 +UZ)) 2 - 2 (AD)(CD) cos <f> 

= i? 2 +(o+i?) 2 — 2 (a+/?) /? (1 — ^ 2 /2) 

where we have expanded cos upto two terms. Upon simplifying 
the right hand side we find, 

Similarly, 

(5C) 2 =a 2 -R(a-R) </>* 

1=4 a 2 + /?(fl+/?) ^ 2 +nVa 2 -/?(a-«) <£ T 

3/ 1 2 <f> R{ a±R ) wx |x2 # R(R—a) m 

~ 2 X 4a*+R(a+R)<f> + 4a*+R(R-a)<l> t 


Setting 3//3^=0 as the condition for maximum or minimum, 
we find 

n+i? n{a—R ) 

4 a 2 +R(a+R)4* ~ 4a*+R{R-a)<f>* 

Differentiate (1) with respect to <f>, 


...( 2 ) 


0 2 / 


^ ( R °L 

1 VWJWa+/W* 


L 


] 


[a 2 +/?(a+/W 2 ] 


or, 


+«/{(/? -a) 


- +#* lm=di 

L 4a t + R(R-a) i </> J 


[a 2 +*(/?-<M 2 ] 


3 2 / a 2 y?(a+/?) a'R(R-a) n 

W-[a*+R(a+R)P]*l* + [<?»+*(/? -aty 2 ] 2 / 2 


...(3) 


Use (2) to eliminate the dinominator of the second term in (3). 
Then (3) becomes 


«•/ tPR(a+R) f\ (a+R)* 1 
***“ [-j 2 +*(a+/W 2 ] 2 / 2 L nHfi-Ryj 
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As the expression outside the square bracket is always positive, 
$ 2 1 

the sign of ^ depends entirely on the sign of the expression in the 

8 */ 

square bracket. Thus, ^ is +ve (condition for minimum) 
if | 


or 


n 2 (a—R) 2 
a+R 


< 1 


or 


a < R 


n(a~R) 

i.e. a-FR < n ( a—R ) 
or a(l— «) < —R(n+\) 

OHM). 

In— f) 

Similarly, condition for / to be stationary (not changing) is 
/?(«+!) 

(n- 1) 

and for / to be maxima, 

(»+ 1 ) 


a > R 


(n — 1) 


SUPPLEMENTARY PROBLEMS 

5.41.1. The opening angle 0 for the Cerenkov radiation is given by 

cos 8= A- ...(1) 

with p=v/c and n the index of refraction. 

Minimum speed of electron is obtained by setting 0=0 in (1), in 
which case 

P(m<n>= 1^4 =0 - 649 

whence v (m .:n)=0.649 c=(0.649)(3x 10® meter/sec) 

= 1.95x 10® meter/sec. 

5.41.2. (a) Imagine that the atmosphere is divided into horizontal 
layers of increasing index of refraction in going from top to bottom 
as in Fig. S.41.2. Let the rays of light from a star be incident at an 
angle 0n with respect to the zenith. As the ray traverses various 
layers of atmosphere bending occurs in accordance with Snell’s law. 
The curved path which the ray travels is approximated as a series of 
straight lines in various layers. The bending takes place towards the 
normal in each lajer as the index of refraction progressively 
increases in traversing down. Applying Snell’s law to various layers. 
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Star 



Fig. S.41.2 


sin 0j— /ig sin a 2 


ns sin 0 a =n 3 sin a 3 

•••(2) 

m sin 0»=/iy sin a/ 

•"(>) 


Add equations (1), (2)...(i). Note that 6,=*,, 0,=oi > ... 
we find, 

n i sin 0 *=/? f sin a/ 

where «/ is the apparent aDgle of the star andf nt the index of refrac- 
tion at the point of observation. Furthermore, we can set n^l as 
the uppermost layer of the atmosphere is so tenuous that it is as 
good as vacuum. 

We therefore find, 

sin 6, 
sin «/=- 

nt 

showing thereby that the apparent angle of a star is independent of 
how n varies with altitude and depends only on its value at the 
earth’s surface and on the incident direction. 

(b) Owing to the curvature of earth, the atmospheric layers of 
uniform refractive index are no longer horizontal slices but are now 
spherical shells. The analysis is complicated by the fact that the 
nprmals at various layers are no longer parallel but tend to con- 
verge at the center of the earth. The angle of incidence at one layer 
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of atmosphere is no longer equal to the angle of refraction at the 
previous layer. Thus, unlike the previous analysis, cancellation of 
various terms is no longer possible. In particular, the angle of the star 
with the zenith will be larger and will not be independent of the 
variation of refractive index with altitude. 

S.41.3. The critical angle is given by 

e.=, in -* -L =sin -1 

=49°. 

The radius of the circle is 

r=(80 cm) tan 0 e 

=(80 cm)(tan 49°)=92 cm. 

Therefore, diameter of the largest 
circle is 2r= 184 cm. Fig. S.41.3 



S.41.4. From FigS.41.4, 
sin 0 

— : — =n 

sm r 


sin 0 

sin r— = 

n 


sin 45° 
1.33 


=0.5316 


r=32\ 



Fig. S.41.4 
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BG—DG tan r=(1.5 meter) tan 32° =0.94 meter 
GA=DE=EF— 0.5 meter 
AB=BG+GA=( 0.94+0.5) meter=l.44 meters. 


Thus, the length of the shadow at the bottom of the pool is 1.44 
meters. 

S.41.5. (a) From Fig. S.41.5 ( a ), 


sin 0 X 
— . — =n 
sin r 

..(1) 

• a 1 

sin — 

n 

(2) 

CD 

ft 

1! 

\a 

© 

1 

> 

•••(3) 

.’. sin 8«=sin (90— r)=cos r 
cos r=lln 

*.•(4) 


where use has been made of (2). 



From (1), we have 


Squaring (4) and (S) and adding, 
cosV+sinV^l/n* (1+sin* 8 1 )*=1 


( 5 ) 


Hence, 1 +sin* 8, 



300 Solutions to H and R Physics — 11 

( b ) The maximum value of 0! can be 90°. Oumo^^O* 
sin 0 1( mo»)=sin 90° =1 

H(moa) = V 1+1= V2 



Fig. S.41.5 (b) 



(c) For 0>0i, ray diagram is shown in Fig. S.41.5 ( b ). The ray 
emerges at the other side of the prism. 

For 0<0 1 , the ray diagram is shown in Fig. S.41.5 (e). The ray 
suffers internal reflection. 

S.41.6. (a) For normal incidence the ray passes undeviated through 
the air-water interface. From the geometary of Fig. S.41.6 (a), the 
angle of incidence as well as the angle of reflection at both the 
mirrors will be 45°. 

Consequently, the angle of total deviation will be 18Q,°. In other 
words the emerging ray will be antiparallel to the incident ray and 
will go out undeviated as it falls normal on the water-air interface. 

(h) Let the angle of incidence at the first and second mirror be 0 
and « respectively. 
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Fig. S.41.6 (a) 



Fig. S.41.6. (b) 


From the geometry of Fig S.41.6 ( b ) it is obvious that 0+a=9O°. 

Total deviation, — 20+n— 2* 

=2w — 2 (0+a) 

=2K-2(-^-)=n 

Thus, in water the incident ray and the second reflected ray must 
be antiparallel. Hence the ray incident obliquely on air-water 
interface and the emergent ray must also be antiparaftel. 

(c) The three dimensional analog to the above problem is the 
arrangement of three plane mirrors hinged at right angle to earth 
other like two adjacent walls and the ceiling of a room. A light 
ray incident on any of the mirrors after single or multiple reflec- 
tions will emerge as parallel to the incident ray. The proof is an 
extension of that given for two mirror problem. 


42 REFLECTION AND REFRACTION- 
SPHERICAL WAVES AND 
SPHERICAL SURFACES 


42.1. (a) 0=45° 

2 * 


0 


45 


(6) 

0=60° 


360 

" 60 

(c) 

0=120° 


360 

” 120 


42.2.^0=90° 


360 . 

90' 1-3 


42.3. Since the image will be 10 cm behind the mirror, the distance 
between the observer (who is standing 30 pm in front of the mirror) 
and the image of the object, will be 30+10=40 cm. Hence, the 
observer must focus his eyes at a distance of 40 cm. 


Mirror 


>oge 

0bj< 

** 10 cm 

* )0 cm ** 



30 cm 


Observer 


Fig. 42.3. 

42.4. O x and O a are the images of object O respectively by mirrors 
M 1 and M 2 . Rays are shown for this image formation O a and O t are 
images of images respectively of O x by mirror M z and O t by mirror 
Mi (rays not shown for the simplicity of the figure). Obviously, 
OMi^OyMx, OM % =>0 % M t , O x M t ~O z M t O t M x **Q x M x , with 
2 OM x =*OM t . 
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Fig. 42.4 

42.5. Paraxial rays, i.e. bundle of rays close to the axis upon 
striking the spherical mirror are brought to a sharp focus at F in 
the focal plane. However, rays which travel further from the axis 
da not form the image at a common point, give rise to spherical 
aberration. In Fig. 42.5 (a) are shown parallel incident rays at 
large distance h from the axis which upon reflection cross the axis 
closer to the mirror. Along the axis the size of the circular image 
is of least sijse, This is called circle of least confusion, 
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Fig. 42.5 (b) 


That the parallel rays away from the axis upon reflection from 
the mirrors cross the axis inside the paraaxial focal point F can 
be easily proved with reference to Fig. 42.5 (6). According to the 
law of reflection the incident ray AB after reflection goes along BD 
such that angle of reflection oe is euqal to the angle of incidence 

which in turn is equal to BCP. It follows that triangle BCD is 
isosceles so that CD=DB. Now in a triangle a side is smaller than 
the sum of the other two sides. In triangle BCD, 

BC<CD+DB 

Now BC is the radius of the mirror and is equal to CP. 

Therefore, CP < 2 CD 
or \CPi< CD 

But £ CP—CF, since focal length is half of the radius of curvature. 
Thus, CF<CD 

Therefore, the point D lies within the paraaxial focus F. As the 
point B moves toward P, the point D approaches F. 

42 . 6 . Following formulas are useful for completing the information 
in the Table regarding the spherical mirrors. 
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m o 


r—2f 



a 

b 

c 

d 

e 

f 

g 

h 

Type 

concave 

plane concave concave convex convex convex concave 

f 

+20 

00 

+ 20 

+ 20 

-20 

-20 

-20 

+ 8 

r 

+40 

00 

+ 40 

+40 

-40 

-40 

-40 

+ 16 

i 

-20 

-10 

+ 60 

+3^) 

-10 

— 18 

-4 

+ 12 

o 

+ 10 

+ 10 

+30 

+60 

+20 

-180 

+ 5 

+24 

m 

+ 2 

+ l 

+ 2 

-0.5 

+0.5 

+0.1 

+0.8 

-0.5 

Real 

Image 

No 

No 

Yes 

Yes 

No 

No 

No 

Yes 

Erect 

Image 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

No 


The results are in agreement with the graph shown in Textbook 
Fig. 42.16. 


42.7. — +i =4- -0) 

o if" 1 
Longitudinal magnification (m‘ ) 

i ■ \ i — i 2 

(fl) m 

where m=—= transverse or lateral magnification. 

o 

, V , 

Multiply by (1) through by o and re-arrange to find 



Ignoring the sign 



(6) Differentiate (l) holding /= constant. 
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do 

0 t ~~ , 2 — u 


ignoring the sign. 

(c) Since transverse magnification m=longitudinal magnifica- 
tion, m' 

/ n' — m 
But m'=»r 
m 2 —m 
or m — \ 


m= ~ — f = 1 or o=2/= R 
o—j 

Therefore, object must be placed at the centre of the curva- 
ture of the mirror. 

42.8 (a) When viewed normally, . 

ac tual depth / 

n ~ apparant depth / 

.’. apparent depth - 3 .0 / 

__ actual depth A r ,/ 


8.0 ft 


: 6.0 ft. 


,,, s in 30 . 17 

sin r / / 

0.5 B/ / 

whence sin r ~~ j " // = 0.376 / 

or r— 22° / j 

x=8.0xtanr —L L 

= 8.0 X tan 22° * 

=8.0 X 0.4=3. 2 ft. 

AB—AC tan 60°=3.2x 1.73=5.54 ft. 



Fig. 42.8. 


=« 1 =1.33 


tan 
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FH _ FH 
tan DH 2.0 

4 _ AG _ AG 

tan r% FG ” 4.0 

AG+FH—CD 

sin r x __ n 2 1.46 _ 

sin r a 1.33 



AGE 


Fig. 42.9 

Consider angles 0, r t , and r 2 to be small so that tan 0=0 etc., 
0=1.33 r, 

FH 

fx 2.0 

FH—2.Q r, 

AG 

r * 4.0 

rjr a =l.l 
i4G«4r,=4r,/l.l 

„„ CD __ FH+AG _ F7/+^G 
BC ^— Y 6 1.33 r x 

”rb( 20 + Tr)’" 4 - 2,cn ’- 
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42 . 10 . A useful formula for filling up the given table with informa- 
tion concerned with a spherical surface separatir^g two media with 
diiferent indices of refraction is 


«i jh _ » x 
o i r 



a 

b 

C ' 

d 

e 

f 

g 

h 

Hi 

1.0 

1.0 

1.0 

1.0 

1.5 

1.5 

1.5 

1.5 

*2 

1.5 

1.5 

1.5 

Indeter- 

minate 

1.0 

1.0 

1.0 

1.0 

o 

+ 10 

+ 10 

+71 

+20 

+ 10 

+ 10 

+ 70 

+ 100 

i 

-12 

-13 

+600 

-20 

-6 

-7.5 

-105 

+ 600 

r 

+30 

-32.5 

+ 30 

-20 

+ 30 

-30 

+ 30 

-3 0 

Real 

Image 

No 

No 

Yes 

No 

No 

No 

No 

Yes 


The rays are shown in Fig 42.10 for the situations (a), ( b ) (h). 



Fig. 42.10 


42 /S. Following formulas are useful in completing the information 
in the given table regarding thin lenses. 



m— — 


0 
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The results are in agreement with the graph shown in Textbook Fig. 42 . 27 . 
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42 . 12 . 


Wi w » w i 

o i r 


Set «i= 1 for air 

n t =n 

\ ^ w _ n— 1 

o i r 


If o=co, then i=nr/(n — 1)=/*. 

This value of i gives the distance of the second principal focus 
from the pole. On the other hand if i=oo i.e. the beam becomes 
parallel after refraction, in that case n/i= 0 and o=rl(n— l)=/i- 
This value of o gives the distance of first principal focus from the 
pole and is called the first focal length of the surface. 


42 . 13 . (a) -^-4 

I-+4- • 

o t H f 

i 1 -\-o 1 =i i -\-o i =D 

i i i 3 o 'i o^—d 

From (3), i 1 =D—o 1 
i t =D—o t 



... 0 ) 

-.( 2 ) 

...(3) 

...(4) 

•~(5) 

...( 6 ) 


D 


Fig. 42.13 


Use (5) in (1) and ( 6 ) in (2), 

_L + _L = i 

Oi 'D—o x f 

J-+, 1 1 


Of o% f 


Subtract ( 8 ) from (7), 


1 


1 


0\ Of D ~0\ D~Of 


=0 


which simplifies to 


...(7) 

...( 8 ) 
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D[D — (o x -f o t )]=0 

0 


D—o t -\-o t 

-(9) 

also, d~o % —o 1 

.••(4) 

Solve for o 1 and o t , 


D-d 

...(10) 

2 

D+d 

•••(ID 

°*- 2 

Use (10) in (7) o obtain, 


d=*( £>(£>— 4 /) 


(h\ m h D ~°i 

\b) my— — 

...(12) 


rt, - ** Z)_ °* 

— 

o . o. 

•••1.13) 


Use (10) in (12) and (11) in (13) to get 
ph ( D—d \ 2 
m, - \D+d I 


42.14. y=(n-l)(y, -I) 

(a) Here r" = oo 

1 («-n 

f ~ r ' 

Centre of curvature C' lying on the /{-side is +ve. So r' is posi- 
tive. 

.'. / = +ve. Hence, it is a converging lens. 

(b) r' — co 

1 r («- 1) 

/ r" 

r' = +ve, since C" lies on /{-side. 

Hence, /= — ve, that is, it is a diverging lens. 

(e) Both r' and r" are -f ve as C' and C" lie on the R- side. We 
note that r' < r Therefore, the quantity j is -fve. Thus, 

/= -fve. Hence, it is a converging lens. 

(d) Both r’ and r’ are +ve as C' and C" lie on the /{-side. But 
r' > r\ 
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(-^ 7 — p,) is negative 

/=— ve. Hence, it is diverging lens. 


42.15. Let the object be placed at distance o from the first lens of 
focal length / x . Let this lens produce an image at a distance i x . 


1 , JL_JL 

* + h ~ A 


-d) 


The image at i\ serves as a virtual object for the second lens of 
focal length /„. Let a real image be formed at i 2 , then. 


L + J = L 

*i h h 


...( 2 ) 


Add (1) and (2) to obtain 




-/! + /> 


• ••(3) 


Now, consider the combination to be 
lens of focal length F. Then, 



J_ 

F 


equivalent to one single 


•••(4) 


Combine (3) and (4) to find 


J___L ■ i__£±/2 

F~fi 


F= 


fif\ 

h+h 


42.16. Let D—o+i 
or i=D—o 

JL . ± = _L 

o + i f 

Use (1) in (2) to eliminate 


1 


1 


1 


•••( 1 ) 

•••( 2 ) 
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re-arranging the equation, 
o 2 -oD+Df= 0 

Solving the quadratic equation 
D±V/) 2 - 4 Df 
° 2 

In order that o be real, the expression ( D 2 —4Df ) under the 
radical must be +ve, that *is» D 2 > 4 Df or D >4/. 


42.17. -j =(«- 1) 

n — 1.50 ;/=6. 0 cm 


=2 r' ; r' is +ve since it is on J?-side. 
r" is — ve since C“ is on K-side. 


■=(1.5-1) 


i'7 + 2f r ) 


Solve for r ' ; we hind r' = 4.5 cm. 

9.0 cm. 

42.18. ~+4-=4 
o i f 

Set x—o—f or o=jc+ / 

x'=i—f or /=*'+ / 

Substitute o and i from (2) and (3) in (1) to obtain, 

_JL_ + L _J_. 

x+f + x'+f f 

x+xW-2/ 1_ 

(x+f)(x'+f)~f 

Cross multiply and simplify to find the desired result, 

f 2 —xx' 


•( 1 ) 

•( 2 ) 

(3) 


42.19. Let be the angle of incidence and 0 the angle of refraction 
at A. Let r be the radius of the sphere and n the index of refraction 

of the material of the sphere. Obviously ABC =0 and EBF—<f>. Since 
DA is very close to GC, both 0 and </> are small. 

As sin $=n sin 0, we can write 

^=/!0 ...( 1 ) 

Now ACG—t 


BCF-n-BCA-i 
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=«— («— 20 )— <f> 
=20-* 


Also BFC—EBF—BCF 
=*—( 20 —*) 

=2 (*-0) 

In A F5C, 

FC sin FBC sin * * 

BC “sin BFC ~ sin 2 (*-0) = 2(*-0) 
Thus the equivalent focal length, 

EV '’ D /'-’ ^ 


FC=BC 


2(*-0) 2 («— 1) 


FH=FC-HC= 


2 (n — l) 


r (2 — n) 
2(/i-l) 



42.20. 


+ J-=-‘ 


-1 . 1 _ A. 

2/, /, 


*i 2/i 


The first image is located at a distance 2 /, from the pole of 
concave mirror i.e. at the centre of curvature. 

U(yi+/ t )-2/i=2/ t ] 



Fig. 42.20 
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The first image serves as an object for the concave mirror 

JL . 4___L 

°1 *2 f 2 

J_ + J__-L 

2 ft it ft 
or /*=2/, 

The image will be real, erect and at the same place as i x ; m— 1. 

42.21. (a) C x is on K-side and so r x is — ve. 

C B is on /?-side and so r t is + ve. 


V-side 


Light 

incident 


•> •• 


-side 


Fig. 42.21 (a) 


• =1+1. i ) 

/ O I \ r r ) 


f+4— 


(n — 1) 


Solve to find, i— — 

1— 2n 

(c) The image is virtual and erect. 

(*/) The ray diagram is shown below in Fig. 42.21 ( b ). 



Fig. 42.21 (b) 

42 . 22 . From the Textbook Fig. 42.32 we find 
f x = 7 mm 
/,= 25 mm 

Oi«“10 mm (object distance fron lens 1) 
d — 46 mm (distance of separation of lenses) 




• _ °i f i (10 mm)(/ mm) 
,l ~ o x —fi “(10 mm— 7 mm) ^ 


23.33 mm. 


or 
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The first imagedue to lens 1 is formed 23.33 mm behind the lens 
■l i.e. 02=(46 mm — 23.33 mm) or 22.67 mm in front of lens 2. The 
image is real, magnified and inverted. The magnification is given by 
m l =i 1 /o 1 =23.3 mm/10 mm=2.3. This image acts as an object 
for lens 2. The image distance for the second lens is calculated from 


whence 


+ {~ 7 , 

* 2 ~ 


(25 mm)(22.67 mm) 


= — 243 mm or —24.3 cm. 


(25 mm— 22.67 mm) 
in front of lens 2. The negative sign shows that the image is virtual. 
As the image / a remains upright with respect to i lt the final image / 2 
is inverted as is already inverted. The magnification due to lens ? 
alone is 


m 2 —iJo % — 247 mm/22.7 mm= 10.9 
The overall magnification is 

m=m 1 m t =( 2.3)(10.9) = 25. 


Aliter: The final image distance can be 
the formula, 

• Qi dfi l~f 1 ft(d+ o) 

2 (d-fjio-fj-of, 
^10x46x25—7x25(46 + 10) 
(46-25X10-7)- 10X7 
The ray diagram is shown in Fig. 42.22. 


alternatively found from 


= — 243 mm, from lens 2. 


1 

<2 

Lens 2 

/[A 


Ik 

First image 


jis \ 

II 

£>-*V-V-Lens 1 

// V 

a 

\ \ \ 

V_l^object 

\ \ 

\ \ 

// 

\\ 

n 

w 

U 

'\ 

// \ 

\\ 

h 

\\ 

ii 

v\ 

/ 

\\ 

. \\ 

w 

>, 

w 

1 

w 

t 


i 

H 

/ Finol image 
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42.23. (a) For L x 

o x = 20 cm 
fx — 10 cm 

1 + 1— L 

*1 fl 


1 l 


20 


+ T- = 


1 

10 


whence, t t =20 cm. 

The image is formed 10 cm from L% and is within the focal length 
/ 2 . This image acts as an object for L a . 

±. + L = J_ 

10 T /, 12.5 


whence, / 2 — — 50 cm. 

The final image is formed on the side of L 2 at distance 50 cm 
i.e. it coincides with the object. 


Overall magnification, m=m,xm,= 



'2 


o* 


/20_cm \/ 50 cm \ ^ 

\20 cm A 10 cm / 


( b ) The lens system an ay-diagram is show below. 



Fig. 42.23 

c) The final image is virtual, inverted and magnified. 


SUPPLEMENTARY PROBLEMS 


S.42.1. Number of images when two plane mirrors are inclined at 
an angle 6 is given by 


n- 


360 


360 


-1=3 


90 



318 Solutions to H and R Physics — II 


Due to three combinations, (i) wall 1+ceiling (h) wall 2+ceiling 
(///) wall 1 +wall 2, total number of images is 3 x 3=9. Out of these 
3 are to be subtracted as they are counted twice, due to three 
common boundaries. Therefore, total number of images is 6. 

S.42.2. (a) — + 4=4 -(I) 

o t f 

The image will be as far behind the plane mirror as the object is 
in front. 

Set o=(a+ 7.5) cm 

i= — (a— 7.5) cm 
/ = —30 cm 

1 1 1 
a+7.5 a- 7.5 ~ -30 

Rearranging and solving for a yields, a=22.5 cm. 

Ray diagram is shown below in Fig. S.42.2. 



Fig. S.42.2 


S.42.3. (a) Image A'B' is shown in Fig. S.42.3 at distance i—D, the 
distance of distinct vision. 



Fig. s.42.3 


( b ) Angular magnification of the simple magnifier lens is defined 
as 

-o) 

(ft 
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where p is the angle subtended at eye by image at near point and a 
is the angle that would have been subtended by object placed at 
near point. 


Now, 


a A'B' A'B' 
P ~CB' ~ D 


• ( 2 ) 


and 


C'B' AB 
CB'~~ D 


where D — 25 cms is the distance of distinct vision. 


Now, triangles ABC and A'B'C are similar. 

A'B' CB' D 
M AB ~~ CB ~ o 




...(4) 


where we have used (1), (2) and (3). 
As the image is virtual we have 

1 _ 1 ^ 1 ^ 

o ~D~f 


or 




-2~?+i. 
o f 


25 

V 


+ 1 


S.42.4. For the combination of two thin lenses of focal length f x 
and f a separated by distance d, the image distance i measured from 
the second lens ( / s ) is given by 

■ Ad- A A 0/(0- A) 

d-L-fioKo-fj 

where the object distance is measured from the first lens (/j). Let 
the object be placed on the side of the lens with /i=12 cm (conver- 
ging lens). 

0=43^5— d/2==(43. 5— 3.5) cm =40 cm 
ft— — 10 cm and d=7 cm. 

(— 10)(7)~ [(12)( — 10)(40)/(40— 121] _ 

7 — ( — 10) — [(t 2)(40)/(40— 1 2)] 

The image is virtual at a distance 710 cm from the second lens 
(/ 2 =— 10 cm) or 713.5 cm from the center of the system on the 
same side as the converging lens. 

Next, let the object be placed on the side of the lens with 
^= — 10 cm (diverging lens). 

Set / 2 = + 12 cm and o=40 cm. 

. ( 1 2)(7) — [( — 10)( 1 2)(40)/(40 -f 1 0)] 

' 7 — 1 2 — [( — 10)(40)/(40 + 1 0)1 
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The image is formed at a distance 60 cm from the converging 
lens or 63.5 cm from the center of the system on the side of the 
converging lens. 

S.42.5. ( a ) For a combination of two thin lenses, 

;= /»^~/i/g ol(o-f i) ( , ^ 

d- /,- /W(o- A) •” u, 

where o and i are the object and image distances as measured in 
Fig. S.42.5. If we let o-* oo (incident parallel beam) then the 



« L 

Fig. S.42.5 


expression (1) is reduced to 
, Ud-A) 
d-(fi+A) 

Setting/ 1 = /,/ 2 = — / and d=L, formula (2) becomes 

i- lLLzR 

L 


...( 2 ) 

...(3) 


Formula (3) shows that if i is to be positive L must be less than /. 
Also d should not be zero. Thus the condition that the parallel 
beam be brought to a focus beyond the second lens is 

o < L < f ...(4) 


( b ) If the lenses are interchanged then 

/i= — / ;/ a = / and d—L, in which case (2) becomes 

... (5 ) 

Here, i is positive irrespective of the distance of separation and 
the condition (4) need not be satisfied. 

( c ) When L=0, in both cases the emerging beam is parallel. 


S.42.6. When the two lenses are in contact, the beam of parallel 
rays remains parallel as it emerges from the other side, (Fig. S.42.6 
(a). It is as if the beam has fallen on a glass slab. We can look at 
it in another way. As the beam falls on the concave lens, the rays 
diverge and appear to come from the focus F. The virtual 
image at F which is also the focus for the concave lens forms 
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the object. The rays are therefore rendered parallel due to the con- 
vergent lens in contact with the divergent lens. If the lenses are 
moved apart the virtual focus Fof the concave lens will be beyond 
the focus of the convex lens and the rays upon falling on the convex 
lens will be brought to focus, the result being independent of the 



Fig. S.42.6 (a) 



distance of separation. 

( b ) When the two lenses are in contact, the rays of a parallel 
beam upon falling on the convex lens 
tend to converge at F, the focus of the 
convex lens. But F is also the virtual 
focus for the concave lens. Thus, the 
rays are once again rendered parallel as 
they emerge from the other side as 
shown in Fig. S.42.6 (c). j 



If the lenses are moved apart a little then the focus F where the 
rays ought to have met will be within the virtual focus of the 
concave lens. 



Fig S.42.6 ( d) 

The rays will be focussed at a greater distance due to the exis- 
tence of the diverging lens. This result, however, depends on the 
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dis tan ce of separation of the two lenses. Should this distance be 
greater than the focal length then the rays fall on the concave lens 
as divergent rays and owing to the diverging action of the lens will 
diverge still further. 



S.42.7. (a) When the object is placed at distance in front Of con- 
vex lens, the image is formed at distance i t behind the lens given by 


_Oj f_ __(1 meter)(0.5 meter) 
o 1 — f ~ (1—0.5) meter 


= 1.0 meter 


. f A 

F 


\j 

■*-1 meter — ►*- 

'l 

2 meter 



'2 

Plane mirror 


Fig. S.42.7 


As the plane mirror is 2.0 meter behind the lens, it follows that 
the image is 1.0 meter infront of the plane mirror. Now, the image 
ii forms an object for the plane mirror. Therefore, the image in the 
plane mirror will be as far behind the mirror as the object is infront 
of it, i.e. 1.0 meter behind the mirror. Thus the image i 2 is formed 
3.0 meters behind the convex lens. The image / a now acts as an 
object for the lens. 

Set o t =3.0 meter 


or 



(3 meter)(0.5 me ter) 
(3.0— 0.5) meter 


=0.6 meter. 


Thus the final image is formed 0.6 meter on the side of the lens 
away from the mirror. 

( h ) The positive sign for / g shows that the final image is real. 

(c) j, is inverted and M also h. However, i 2 in getting through 
the lens gets once again inverted, The two inversions cause the final 
image to be erect. 
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(d) The magnification for the first image t\ is 

ii 1.0 me ter ^ 

o ~1.0 meter - 

In the plane mirror the magnification m t is unaltered. 
The magnification due to the image / 3 . is 


m 3 = 


image dista nce 0.6 meter 
object distance — 3.0 meter 


=0 2 meter 


/. Overall magnification /;j=/m 1 w 2 /m 3 =1 x 1 X 0.2=0 2. 



43 INTERFERENCE 


43.1. The fringe-width for double-slit arrangement is given by 



where d is the slit spacing, D is the slit-sc’reen distance and A is the 
wavelength of light. 

Ay _ fl w_ __A_ 

D 180° d 

d= — ~=(57.3)(5890 X ltT 8 cm)=0.00337 cm 
=0.0337 mm. 

The slits must be 0.0337 mm apart. 

43.2. r l —r t —2a 

Transposing one radical, +x* 

Squaring and collecting terms, 

r~ a ' =a \[{ y ~ j f +x 2 

Squaring and simlifying 
y a ('J-—^-a t x»=a s ( 

Divide through by a 2 ^ -4 — a 2 ^ to get 

y2 . j ^2 

(J*/4)— a* =1 

Since ~ > a, — a* will be positive. 

Writing (</*/4)— a x —b % , we obtain 



Interference Hi 


which is aquation of a hyperbola with centre at the origin and 
the foci on the y-axis. 

In three dimensions, the locus of p would be a hyperboloid, the 
figure of revolution of the hyperbola. 


43.3. Angular fringe separation under water. 


43.4. Angular separation is given by 

)== Ay =A 


A0= 


D 


where D is the slit-screen distance, d is the slit spacing and A is the 
wavelength of light. 

By Problem, A 0=0.20° ; A=5890 A 

New angular separation A0'=O.22° , A'=? 

A '“ A fr=< 58 WA °>(w ) =6479 A 


43.5. Shift in fringe system due to insertion of mica flake of thick- 
ness / is given by 

(/i— 1) t=m\ 


or 


m A 
n — 1 


7 x 5500 X 10 8 cm 
(1.58-1) 


—6.6 X 10 * cm. 


43.6. The approximate value for the location of the tenth bright 
fringe is obtained from 

ntXD _ (10X5890 x 10~ 8 cm)(4 cm) ft 

y — __ =0.01178 cm. 

d 0.2 cm 

The exact value for y is obtained from the following equations. 

-( 1 ) 


r^Jjy+dJW+W 

r,=V (y'— d/2)*+Z>* 

r— r,=mA=V (y'+d/2) 8 +0» -Jiy'^d/W+D- 
Transposing one radical j 




V< ’-H 


+/>* 


+Z>* =wA + ( 

Squaring, collecting terms and solving for y* 

y'~mA/y/ ( d *+£--?^- )/(*-«,*•) 


...( 2 ) 

...(3) 
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d 2 _ m 2 A- \ // m 2 A a \ 

4Z) a 4Z) 2 j/ V rf 2 / 


Since 1, 

v»~. mAZ) A / r/ 2 ^ v ' A / 

' — 3 " V + « ! V 

Fractional error—!/' —y')/y'— 0.0003. 
Percent err or --=0.000 3 X 100-0.03. 

43.7. Fringe width, A y—^Dld 
Set D— /— 1.0 meter— 100 cm. 


l + iPA*. -1,0003/ 
^(4)(4) 2 


Then, A>’ = 


(5890 x 1 0~ 8 c mKIOO cm) 
(6.02 cm) 


—0.295 cm — 3.0 mm 


43.8. (a) Condition for maxima at p is 
r 2 — r x — m\ ; m— 1,2,3, . . . 
or r^+d 2 — r x — mA 

Set A— 1.0 meter and d— 4.0 meter. 


Solving, r x - 

(/) m — 3 : r x — 1.16 meter. 

(/'/') m—2 ; v j — 3.0 meter. 

(Hi) m—l ; r x — 7.5 meter. 

(6) The minimum in intensity along Ox is obtained by setting the 
path difference 

o — 4 d -\-x 2 — a — (m+£) A •••(!) 

* 

where d= 4 meters, A— 1.0 meter and m = 0,1, 2, 3 solving for x, 

we find the minimum value of x for m— 3, viz., x— 0.53 meter in 
which case S— (4.03 — 0.53) meter — 3.5 meter. Since the path 
difference is a lot more than the wavelength of the radiation, the 
cot ditions approach that of partial coherence father than complete 
coherence, and consequently the intensity will not stricity go down 
to zero i e. the minimum will not be zero. 
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Fig 43.8 


43.9. E!=Eo sin to/ 

E a =2Eo sin (to/+^) 

E=E 1 +E t —E 0 (sin to/+2 sin to/ cos ^+2 cos to/ sin $) 
=£■„ [sin to/ (1+2 cos <f>)+2 cos to/ sin 4*\ | 


=£o V 5+4 cos 4 [ sin to/ 


^1+2 cos _j_ _ 2 sin ^ 
v/5+4 cos ^ W+4cos^ 


COS to/ 


Set cos a= 


1+2 cos ^ 
/5+4 cos <f> 


Sin 


With 


2 sin 4 
5+4 cos ^ 

E^Eo V 5+4 cos ^ (sin to/ cos oc+sin a cos to/) 

=J5« V" 5+4 cos ^ sin («/+<*) 

«=i4 sin (a*/+«) 

A^Eo 5+4 cos 4 
/j '=>4 , =£« , (5+4 cos 


Im m *9Ef 

where we have set ^=0. 
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^0=-y-(5+4 cos 4)— -"[l +4(1 4-cos <f>)] 

^ =f{ 1 + 8 cosa f) 

Brit -y = — sin 6 
• /m P i i o o ^ sin 0 \"1 

L 1+8cos l — a — }J 

. 7 ld6 Im ( ^ . 2,vulQ \ 

T~ ~~2 v 1 ^ cos A ) 

at which intensity falls to half of maximum 


or & 8 — 28 '=-~ 

43.il. By constructing the suitable vector diagram, we get 
(a) y=yi+y 2 =17 and ^=14°. 


43.10. Sin 6(=i0= 


m A 


d 

fy — lm COS 2 


Set 


Im 


J 

2 


where 0' is the angle 
value. 

2 ndB' _ 

Then cos — y =0 


2 ik/0' 


jrt 

2 

A 


(b) 


where 



Fig 43.11 

y t = 10 sin <ot 
y,= 8 sin (a>/+30°) 
y—yi+yt—lO sin a>/+8 sin (a>/+30°) 

= 10 siiw®»H-8 sin tot cos 30° +8 cos tot sin 30° 
=(10+4 V 3) sin a>/+4 cos tot 
—A sin tot+B cos tot 
A— 10+4 <fZ and B=4 

*+& C “ ) 
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Set COS <f> = -ynrrr— -- 

4A*+B* 

. j B 

sin 0= r ==• 

V>+5 2 

y— *l A 3 -\- B 3 (sin cot cos ^+eos o>r sin 
=C sin (<o/+^4) 

where C= Vl a +£ 2 = V (10+4/ 3) v +4 2 =17.39 

< S=,a ” ‘‘f =,an "'(loW3 )” 13 ' 3 ” 

^=17.39 sin (wr+ 13.3°) 

43.12. 



43.13. The visible spectrum extends from 4000’ A to 7000° A. 
Therefore, on the frequency scale, the visible spectrum extends 
from 


3x 10 8 meter/sec . 3x10® meter/sec 

4000 X 10~ 10 meter t0 7000 x 10" 10 meter 
i.e. from 7.5 X 10 14 c/? to 4.286 x 10 14 c/s. 

Frequency range=(7.5— 4.286) x 10 14 , or 3.214 X 10 14 c/s 


Number of channels available=“^-- n - c ^ - ra ”^ 

frequency width 


3.214 X 10 14 c/s 
~ 4x10* c/s 


= 8 x 10 7 


That is, 80 million 

1 * 

43.14. (a) Radius of bright Newton ring, 

r—*f(m+l)R\l 

r 1 _ i 
Rk 2 


m= 


• -( 1 ) 
•( 2 ) 
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(1.0 cm) 8 


or 


m- 


: (500 cm)(5890 X 10"* cm) 
=33. 


=33.45 


(b) If the arrangement is immersed in water, number of rings that 
can be seen 

m'=m/J=33.45 X 1.33-44.49 
or m'— 44. 


43.15. f—4 (m+i) i?A 
In air, rm 2 =(m4-i) i?A 

RX 

In liquid r'm a =(m-F£) — 


rm* 1.4 2 
'm* ~ 1.27* 


43.16. For bright fringes formed by the air gap of a wedge due to 
light Incident normally, 

2 </=(m+ J) A 

where d is the diameter of wire (air gap) at the point the mth 
fringe is formed 

2d 1 (2) (0.0048 cm) 1 . . 

m ~ A ~ 2 “ (6800xi0-»cm) 2 


43.17. Condition for observing a bright fringe is 
2nd—{m+\) A 

2nd 2(1.5)(4 X 10~ 6 cm) 12xl0~*cm 
or ~ m+\ ~ m+i ~ m+| 


The integer m which gives the wavelength in the visible region 
(4000 A to 7000 A) is m=2 in which case 


A= 


12x10"* cm 


2+1 

which corresponds to blue light, 


=4.8X10"* cm =4800 A> 


43.18. For interference maxima, 

2nd=(m^J) Amm ..(I) 

For interference minima, 

2nd—m Xmim •••(2) 

Combining (1) and (2), 

(m— 4X6000 A)^(mX 4500 A) 
whence, m—2. 


».( 3 ) 
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Use (3) in (2) to get 

, WlAmin (2)(4500 A) a 

*~is — ®rsr 3A 

43.19. Here both the rays suffer a phase change of 180° and the 
condition for destructive intereference is 


1nd—(rn-\-\) A^ 
2nd ( ' 3 


=( m +t) 


• ••( 1 ) 
...( 2 ) 


From (1) and (2) 
m+l/2_ Aj, 

ro+3/2 “ A 1 : 
whence m— 2. 


5000 A 
7000 A 


_5_ 

7 


• (3) 


Using (3) in (1) to get 


, (m + i) A x (2.5)(7000 A) . 

*- In “ (2K173T - “ ' 


43.20. Phase difference 




(2nd) 


By Problem, for A=5500 A, <f>~n 
.'. ^nd— 5500 A 
(i) A 1 =4500 A 


<t> 




(? „j W (5500 A) n 
a " d) - 1450TA)' 


1. 


Io 


= COS“ 


*1 


„ / 220° \ 
=cos“ ^ 2 J- 


9 

0.117. 


* radians=220° 


Reflection intensity is diminished by 0.88 or 88%. 
(if) Ajj— 6500 A 


4> 


*-( s ) 


/ , £ 

- =cos- 


,, A (5500 A) n 11 .. tr .„ 

{2nJ)== '6500 A “~13 * radians=1 52.3 a 


2 _ 


0.057 


Reflection intensity is diminished by 0.94 or -94% 

43 . 21 . If n > 1.5, condition for minima is 

2nd=mX l 

2nd=(m+l) A, 
where m is an integer. 


••( 1 ) 

...( 2 ) 
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Combining (1) and (2) 

(m-H) 

(m+ 1)(5000 A)=(m)(7000 A) 
whence m= 2.5. 

This value is unacceptable since m is not an integer. 

If n < 1.5 condition for minima is 

2nd—(m+i) A x •• (3) 

2nd— hi •••(4) 

where nt is an integer. 

Combining (3) and (4) 

~ )(7000 A)=(/w+-|-) (5000 A) 
whence, m= 2, which is an acceptable value. 

Hence, we conclude that the refractive index of oil is less than 1.5. 


43.22. Condition for maxima is 

2 nd—(nt-\~\) A mw •••(!) 

with Ama*— 6000 A and w = 0, 1.2, . . . 


Condition for minima is 
2nd—(jn-\-Y) Ami, 


...( 2 ) 


with Amin— 4500 A corresponding to the violet 
and m=0, 1, 2, . . . 

Combining (1) and (2), 

(m-H)(6000 A)=(m+ 1X4500 A) 


whence, m==l. 

Use (3) in (1) to find thickness 



(1.5X6000 A) 
(2X1.33) 


=3383 


A. 


end of the spectrum 


...(3) 


43 23. 2d=mh \ 

A— 2j. = ( 2 X0.0233 cm) cm= 5880 A. 


m 


792 


43.24. 2(«— 1) rf=mA 
m A 


or/ 


d= 


7 X 5890 A 


2(n-l) 2(1.4— 1) 


=51537 A. 


43.25. (a) 6057.8021 A 

(b) The wavelength of orange-red line of Krypton-86 has been 
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adopted as a standard of length and the meter is defined as 
1,650,763.73 wavelengths in vacuum of this line. Thus, this line is 
the basic standard of length from which meter is defined and is the 
reference wavelength in terms of which all other wavelengths of the 
electromagnetic spectrum are measured. 

The question does make since once the meter has been defined 
as above, it is meaningful to express the wavelengths in terms of 
meter by way of conversion of units. 


43.26. (a) Let the wavelengths of sodium light be and A 2 . The - 
fringe visibility will be high when the bright bands of Aj nearly 
overlap with those of A 2 , and it will be poor when the bright bands 
of A a coincide with the dark bands of A 2 . The latter situation arises 
when the optical path difference is equal to the whole number of 
wavelengths of A, and an odd number of half-wavelengths of A,. 
Thus, as one of the mirrors is moved, the fringes periodically dis- 
appear and then reappear, due to the reason given above and the 
variation in the visibility is explained. 

( b ) Optical path difference=2<f==w 1 A 1 — /m 2 A 2 , is the condition for 
a maximum in brightness. 


Hence, 


m 2 ~ 


2d 

a; 

2d 

A 2 


Subtracting, we have 
2d A A 

where AA=A X — A 2 


The integer (m 2 — /Mj) increases by i as d changes to d+Ad, 
at the next occurrence of maximum brightness. We then have 


m a —m 1 +l = 


2(d+Ad) A A 
AjA a 


Subtracting the last two equations 
2 Ad AA 
A, A, 

AjA, (5890 X 10"* cm)(5896 X 10"* cm) 
A 2 AA“ (2)(5896-5890) X 10"* cm 
=0.029 cm 
=0.29 mm, 
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SUPPLEMENTARY PROBLEMS 

S.43.1. The position of the fringe of order m on the screen' is given 
by 

AD 

y~m - d - 

where d is the separation of the slits and D is the slit-screen dis- 
tance. The separation of the fringes due to wavelengths A 2 and A 2 

is 

. mD .. . , (3K100 cm)(6000— 4S00)X 10~ 8 cm 

• d 

=0.0072 cm = 0.072 mm 

S.43 2. The fringe width is given by 

$~y m +x~ym~~ d 

. . d$ (12cm)(18cm) 

“ ~D ~ (200 cm) 

= 1.08 cm. 

Frequency of vibrations is 

_ v _25 cm/sec 
y A~~ 1.08 cm 

=23.15 cyclcs/sec. 


S.43.3. Shift in the central bright band by n fringes is 
n- (n 2 — Aij) //A 

where and fx v are the refraction indices for the glass plate inserted 
in the slits and t is the thickness of the plate. 


t~- 


«A 




(5)(4S00\10“ 8 cm) 
(1.7 -1.4) 


8X 10 -4 cm=8 microns. 


S.43.4. (a) The given arrangement is originally due to Lloyd (1834) 
and is called Lloyd's mirror. The slit S acts as a source and its 
reflected rays from the mirror MM' appear to diverge from the vir- 
tual image S'. The interference occurs between the rays ( SP ) directly 
from S and tiiosc ( S'P ) from the virtual image at S'. Owing to the 
reflection from the mirror, the phase of the reflected ray is increased 
by it. This leads to the shift in the band system as"Compared with 
that in Young’s experiment. In particular at the center of the sys- 
tem lies the dark band (minimum) rather than the bright band 
(maximum). 
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Drop a perpendicular SQ on S'P. Let angle S'SQ be called 0. 
Then the path difference 

l=S'P-SP=S'P-QP=S'Q = 2 h sin 0 

Condition for maxima is 

8=2 h sin 0=mA+-^ A 

The additional A/2 corresponds to the extra phase difference n 
which arises due to reflection. 

Condition for minima is 
' 8=2 h sin 0=mA 

where m is an integer. 

(6) As the reflected rays cannot come below the plane of the 
surface of mirror, the fringes can appear only in region A. 



T 

s.43.5. [/!(/> ut)u =y J mmdt 

0 

T 

| sin (<ut+(f> x ) sin (cot+<f > |) dt 
0 
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T 

= y Al y~ { [cos^-^-cos (2 »/+*,+*,)] A 
0 

where we have used the identity 

Sin A sin B—% [cos (A-B)-cos (A + B)] 

T 

(/i/ 2 )«»= j - X ^ 2 cos j^sin (2a»r+^,+^») J 

o 

The second term in the parenthesis of the right side vanishes when 
the upper and lower limits are inserted and use is made of o>T=2n 

(/x/ 2 ) <*»=! A t A 2 cos (fa~fa) — (1) 

Let the phasors be 

Pi—A x sin 

and P*—A 2 sin (cot+$ 2 ) 

The dot product of the phasors is 

P\'P 2 = AyA 2 cos (<f>i ^j) •••(2) 

since the angle between the two pjjasors is {<f>i~fa). Comparing (1) 
with (2), we find the desired result 

(/i/.)« =* ( Pi.P a )- 

I 

S.43.6. (a) Let S~A 1 sin (to t+^J+Az sin (to t+<f> 2 ) 

■f". . .-(-An sin (ait-\-<f>n) 

~A X (sin tot cos ^ t +cos tot sin <f> v ) 

+A X (sin tot cos <£ tt +cos cot sin fa) 

+ 

+An (sin cot COS 9 &n + COS tot sin <f>n ) 

n n 

=sin cot L At cos ^;+cos cot S At sin fa 

i«-» 1 r’=*l 

—B sin cot+C cos tot 

n n 

where B— 2 At cos fa and C— 27 Ai sin fa 

i= 1 f-1 

(6) L At* cos' fa+ S ^<*sinV 

/=>l i-l 

+2 2 S Ai fa (cos fa cos ^#+sin fa sin fa) 

j 
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= S At 2 +2 2 ZAi A cos (&— *i) •••(!) 

i=l 19 ^ > ' 

But (S /t,) a = S /t *+ 2 S L./l, /C ...(2) 

/— 1 i = l j J 

Now, the right hand side of (1) is equal or less than the right 
hand side of ( 2 ) because | cos ) j < 1 . 

B 2 +C z < (S A,.* 

1 

or B 2 +C 2 < (A t +A 2 + ... An) 2 

(c.t The equality of sign in (3) holds when 

= 1 bn that is, all phase angles <f>, must be same. 


S.43.7. As reflection is from a medium or greater refractive index, 
we have the conditions, 

2 dn — (m + \) A, m— 0, 1, 2, ...(minimum) •••(!) 

2 </.t=wA, m~ 0, 1, 2, ...(maximum) •••(2) 

where d is the thickness of the film and n its refractive index. 

(2)(1.25) ,/=(6000 A)(m+i) -(3) 

(2)(1.25) <(=(7000 A) m ...(4> 

Combining (3) and (4), 

(6000 A )im 4- i) = (7000 A) m 

or m — 3 •• (5) 

Using (5) in (3) or (4), </=8400 A. 


S.43.8. Condition for minima is 

2 dn={m \-\) A, m— 0, 1, 2, . . . 


Solving for </, 


with 


1 A n ,« ' n ( 6000 A ) f2 w + 1) 
4» (4)(1.25) 

m=0, I, 2,... 


- (2 m b 1)(1200 A) 


S.43.9. Condition for maxima for the film thickness t x 

2/t/! = (/M+J) A .. (1) 

where in is the order of the fringe. 

At a greater thickness t t of the film, let the order of the frinee be 
w-f/>. Then 

2w/ 8 =(m+p + i) A 


... 12 ) 
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Subtracting (1) from (2), 

2n(fg t j) —pA 


or 


. _pA (9)(63 00 A) 
2 1 2n ~ (2)(f.5) 


— 1 8900 


A 


As the dark bands are flanked by bright bands, on either side, the 
information on the number of dark bands is irrelevent to the 
problem. 


S.43.10. (a) Here, a phase change of 180° is associated with the rays 
undergoing reflection both at the upper and lower surface of the oil 
drop since at both the surfaces the reflection is from a medium of 
greater refractive index. The thinnest region of the drop must 
therefore correspond to a bright region. This is in contrast with the 
dark central spot observed in the system of Newton’s rings under 
reflection where the ray from the bottom of the air film alone under 
goes a phase change of 180°. 

(b) Condition for brightness for interference under the given 
conditions is 

Int — tnA 


Setting A=4750 A for the blue colour, n— 1.2 and m— 3, 
we get 


mA (3)14750 A) 
In (2)(1.2) 


= 5938 A. 


(c) Unless the film is reasonably thin i.e. a few wavelengths of 
light, interference fringes would show up localized on the film. 
When the oil thickness gets considerably larger, the path difference 
between the two rays, one getting reflected on the top surface and 
the other one at the bottom of the film, would amount to several 
wavelengths, leading to a rapid change in phase difference at a 
given point as one moves even a small distance away. The inter- 
ference fringes are blurred out and the pattern disappears. 



44 DIFFRACTION 


44.1. Condition for getting minima in the dilfraction pattern from 
single slit is 

a sin 0 — mA, m — 1, 2, 3, 
where a is the slit-width. 

If x is the distance of the minima from the central maxima and 
D is the slit-screen distance then sin 0=20 - T t provided x O. 


tnX mXD 

- = 

0 x 

But x=J (Distance between first minima on either side) 

~ \ (0.52 cm)=0.26 cm 
Set m— l for first minima. Then 
r a = (5460x 10 -8 cm)(80 cm^O^ cm)=0.017 cm. 

44.2. D— f =70 cm ^ " 

(a) Linear distance on the screen from the center of the pattern 
to the first minima is given by setting m — 1. 


Xj = D sin 0 — D 0= = 

a 

—0.103 cm = 1.03 mm 


(70 cm)(5900x 10 8 cm) 
(0.04 cm) 


( b ) Linear distance on the screen from the center of the pattern 
to the second minima is given by setting m— 2. 


x. 


200 = 


IDA 

a 


-(2)( 1 .03 mm ) = 2.06 mm 


44.3. (a) sin Q—mA 
a sin 0a — A, 
a sin 0',=2A<, 

(а) But 6a=0b 

. . A a = 2 A* » 

(б) a sin 0a=m,iA., = 2moAfc 
a sin 0o= mo A & 

Set 0a=0 6. Then minima in the two patterns coincide when 
m 6=2m«. 

44.4. (61 /g /•■• ^ — - 


^(Textbook Eq. 44.8b) 
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Differentiate with respect to a and set 


dl 0 

3a 


- 0 


^0 Im [2a 2 sin a cos a —2a si n 3 a ]__Q 
3a ' a 4 


or a sin a (a cos a -sin a)=0 
One solution is a— 0. Other solutions are obtained from 
a cos a— sin a = 0 
or tan a — a 

(■ b ) 



(c) We find the first root is zero, then we have a series of 

roots less than but gradually closer to (w + J)n = 1, 2, 3 The first 

three values of m are 0.93, 1.959, 2.971. 

44 . 5 . Figure 44.5 shows the graph of y— ^ • The ordinate 

y has the value 0.5 for 79 6 44. 
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44 . 6 . (a) For the first maximum beyond t lie central maximum since 
<£ = 2a — 2. 86tc rather than 3n, the vector Eg is not vertical. 

( b ) The angle which Eg makes with the vertical is given by 

< 3 *_ Z86 *> (540 . ) „ 25 r 

3rc 

.. _ 1 .4A 

44 . 7 . sin 0 r = 

iza 

(a) a/A = 1 

. - 1.4 

sin 0*-- — 
n 

0*- 26.45 J 

Half width, A0— 20* — 52.9°. 

(a) aj A = 5 
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(c) a! A= 10 

fl 1 4 

s,n e '“loS 

A9=(2)(2.55 0 ) — 5.1°. 

44 . 8 . (a) Condition for obtaining the first minimum from diffrac- 
tion at a circular aperture is given by 

sin 6= 1.22 

a 

where d is the diameter of the aperture, A the wavelength and 0 the 
angle between the normal to the diaphragm and the direction of the 
lirsi minimum. 

. r 1450 meter/sec rtACO 
A “■ - . . =0.058 meter 

v 25000 cycle/sec 

_ . . , 1.22A . (1.22) 0.058 meter) , 00 

d (0.6 meter) 

... . 1450 meter/sec , .. 

(b) 4 -- -r-y— =1.45 meter 

1000 cycle/sec 

. (1.22H 1.45 meter) „ nAO 

sin 0= — 7rT7\ : — : — —2.948 

(0.6) meter) 

This is impossible as sin 0 cannot be greater than 1. Hence, the 
condition for minimum cannot be obtained. 

44 . 9 . Rayleigh's, criterion for resolving two objects is 

„ . _. 1.22A ^ 1.22A a 

'*= s, n'T 

where d is the diameter of the pupil, A the wavelength, a the dis- 
tance between the two headlights and D the maximum distance of 
the automobile at which the eye can resolve the lights. 

ad (1.22 raeter)(5.0xl0“ 3 meter) 

D L22A (T.22)(5500 X lb -10 ) meter) ~ 9091 meters ' 

44 . 10 . As in Problem 44.9. 

r, ad (0.5 cm)(0.4 cm) 


=9091 meters. 


1.22A (1.22K5500X 10 -8 cm) 


=2980 cm«*30 meters. 


44.11. (a) Angular separation of two stars is given by 
a 1.22 A (1.22)(5000x 10 -8 cm) J . 

•*“ ~d =- (76.2 cm) 8 *"> ’ rad ' a _ ns 

=0.165 seconds of arc. \ ^ 

(b) Set e*=a/Z> 

where a is the distance between the stars and D is the distance of 
the stars from the earth. 
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£>=10 light years — (10)(9. 46 X 10 13 km''=9.46X 10 18 km. 
a=D0s=(9.46 x 10 13 km)(8 X 10 -7 radians)=7.57 x 10 7 km. 

(c) Diameter of the first dark ring is 
</'=(2)(1.22/A)/rf=2/0* 

where /is the focal length of the lens and d' is the diameter of the 
lens. 

d' — ( 2)(1402 em)(8x 10~ 7 radians) = 2.24X 10 -8 cm. 


44.12. Separation of two points on the moon’s surface that can be 
just resolved is given by 


1 .22 DA 
° d 

where D is the distance of moon from the earth, d is the diameter 
of the lens and A the wavelength of light that is used. 

D -- 240,000 miles^S.So X 10 8 meters 
d 200 in =-5.08 meters 
Let A — 5500 X 10 -8 cm==5.5x 10" 7 meter 


Then, 


(_L22)(3.86X lO 8 meter)(5.5X 10 -7 meter) 
(5.08 meter) 


= 51 mete 


44.13. Diagrams (a) to (/z) in Fig. 44.13 correspond to the points 
labelled on the intensity curve. The contributions from the two slits 



* 0 7T 2ft 5 TV 47T 



Ai+A 2 =2A 



(c) 


A* «A- 

a=a,-a 2 =o 


<e) 


-4 

A 


( 9 ) 


A«0 


(rf) / \ Q 

(n \ / 

A* 

(h) S/ 
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to the amplitudes in magnitude and phase are indicated by A x and 
A t . The intensity is found as the square of the resultant amplitude 
A where A is given by the vector addition of A x and Aa. 

44 . 14 . For the double slit, the combined effect due to interference 
and diffraction is given by 

I e =/ m (cos P) 2 ( S -™) 2 -(1) 


Condition for minima in the interference pattern is 


where (J= 


p=(m+i) it, m— 0, 1, 2,. . . 



0 . 


••( 2 ) 


Condition for minima in the diffraction is 

a=ic, 2tc. . . •••(3) 

In Example 8, the Cth minimum of the interference pattern coin- 
cides with the first minimum of diffraction pattern. 

P = ~ with m — 5 

u—n 


So, 


a. a 2 


For the second minimum in diffraction pattern, set a— «. 
Then, a^llic 


From (2), m= 10 gives p— (10^) n which is the maximum value 

less than 11^. Thus with m=0, 1, 2, 10, eleven fringes in all 

are present in the envelope of the central peak. Hence, the number 
of fringes that lie between the first and the second minima of 
the envelope is (11 — 6)=5. 


44.15. Since d/a— 2 is an integer, the second order will be missing. 
There will be one fringe on either side of the central fringe. Hence, 
in all there will be 3 fringes in the central envelope of the diffrac- 
tion pattern. 

44.16. For the double slit, the combined effect due to interference 
and diffraction is given by 

/ e =/ ro (cos P)» ( 51LSL y . ...(44.16) 

sin 0 


na D 
*= y sm 0 


wtth 
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Set d=a. Then (J=a, 

/g — lm (cos a) a j 


, (2 sin a cos a) 2 

I,n ( 2a) a 



The last equation is appropriate for the diffraction pattern of a 
single slit of width 2<i. 

44.17. The missing orders occur where the condition for a maxi- 
mum of the interference and for a minimum of the diffraction are 
both fulfilled for the same value of 0. Thus, 

d sin 0— wj.t, m - 0, 1,2,... 
a sin 0 —/,a, p— 1, 2 , . . . 

, d m 

so that — = — 

a p 

Since both m and p are integers, d/a must be in the ratio of two 
integers if the missing orders are going to occur. If order 4 is mis- 
sing then we must have d/a — 4. 

( b ) Other fringes which are missing are 8, 12, 16 


SUPPLEMENTARY PROBLEMS 

S.44.1. ( a ) The water droplets in the air act as diffracting centres 
giving rise to the observed rings. The diffraction pattern due to a 
large number of irregularly arranged circular obstacles is similar to 
that for a single obstacle. 

(6) Airy’s formula for the intensity distribution for diffraiction 
from a disk of radius a is given by 

...o) 

, 2ic aa ... 

where x= - ...(2) 

and J t (x ) is the Bessel-function of the first order. The position of 
the first secondary maximum is given by the condition 

x=5.136 ...t3) 

Now, the radius of the ring is 

r=(1.5)(1740) km =2610 km. 
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If d is the distance of the moon from earth, the angle 0 subtend- 
ed by the racius of the ring is given by 

2610 km .. ... 

—(4) 


0 - 


r 

d 


— 6.9 x 10 3 radians. 


38 X 10 4 km 

Using (3) and (4) in (2) and A=5.6X 10" 6 cm for the center -of the 
visible spectrum, the diameter of the water droplets is found from 

(5. 136X 5.6 XI (T'cm) 

6.9 X f0 _ * « 


D=2a- 


=0.013 cm=0.13 mm. 


S.44.2. Two objects like A and B are said to be complementary 
screens. Let Ua and U b denote respectively the values of the vector 
implitude of the light wave when screen A or B alone is placed and 
iet U be the value when no screen is used. 

A generalisation known as Babinct's principle relates the diffrac- 
tion patterns produced by two complementary screens. It states 
that the resultant of the two amplitudes, produced at a point by the 
two screens, gives the amplitude due to unscreened wave. Thus we 
may write 

U^+Ub=U 


Setting U=0, we get Ua — — Ub, showing thereby that at P where 
U— 0 the phases of and Ub differ by rc and the intensities 
1a— | | 2 and Ib— | Ub I 2 are equal. 

S.44.3. Rayleigh’s criterion gives 



where x is the distance between the two point sources, D is the dis 
tance of the sources from the observer, d is the pupil’s diameter. 


x=\.22~ £>==(1.22) ^ 


5500 x 10~ 8 cm 
0.5 cm 


^(100 x 5280 ft) 


=71 ft. 


S.44.4. (a) Linear separation of two objects on Mars is given by 

x= 1.224- D 
a 

/5500X 10" 8 cm\ /0rt ^ 

(l 22) ( — 5375 — j (80 ' 45xl ° km > 

= 1.08 X 10 4 km. 

(f>) x— 1 .22 — D 

=(1.22) ( 55 °^"4 9 ~ ) (80,45 X 10 * km ) =10 * 6 km - 



Diffraction 347 

S.44.5. Assume for simplicity that the sources have equal intensity 
Io. Then the intensity pattern is given by, 

/(0)=4/ # (cosp) a ( sin ...(1) 

with «= sin 0 ...(2) 



The term (sin */*)'- is due to dilTraction and the term (cos (3) 2 due 
to interference. The quantity 2[i is the phase <f> due to path differen- 
ce plus the phase difference of the sources, (e t — e 2 ). If ej — z., is 
allowed to vary front 0 to 2k, the intensity pattern at a given point 
goes alternately through maximum and minimum twice. 



45 GRATINGS AND SPECTRA 


45.1. d sin 0=wA, where m— 0, 1, 2,. . . 
Set 0=90° 



For A— 4000 A c 


m=d sin 0/A - 


(2.5x 10 -4 cmXsin 90°) 
(4000 x 10- 8 cm) 


= 6.25 


For A= 7000 A 0 , 

(2.5 x 10~ 4 cm) x 1 _ _ 

m ~ (7000 x 10' 8 cm) 

Therefore three complete orders of entire visible spectrum can be 
produced. 


45.2. Let E e and w be the amplitude and the angular frequency ot 
the wave incident on the three-slit grating, Let <f> be the phase dif- 
ference between the diffracted waves emerging from 5, and S 2 and a 
further 4> between those from S 2 and S 3 . The waves from Si, S 2 and 
S 3 are given respectively by 



Fig. 45.2 
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E^Eq sin cut 

-d) 


£ , 2 =jE ’ 0 sin (cot-}-<f>) 

...(2) 


E^—E 0 sin (cot + 2j>) 

-(3) 

with 

. 2nd sin 0 

A 

•- (4) 


Here 0 is the angle of diffraction and d is the distance between 
the centers of two neighbouring slits. 

The resultant amplitude at a point P on the screen is given by 
E~ Fj-f- E$~ E 0 [sin ct>f4~sin (a>/-j-^)-l-sin (a>f4 2<^)] 

Expanding the second and third terms in the parenthesis and re- 
arranging, 

E~F 0 [sin cot (l -fcos <f> - f-cos 2^) + cos ot (sin ^4 sin 2<t>)\ • (5) 

Let the resultant wave at P be given by 

E= B sin (ajt4-y) -(6) 

or E~ B (.sin c<t cos y + cos cut sin y) (7) 

Since (5) and (7) represent the same wave, the coefficients of 
sin wt and cos cur must be separately equal. 

B cos y =E„ (14-cos ^-bcos 2 <f>) 

B sin y— £ 0 (sin 0 + sin 2<f>) 

Squaring both sides, adding and simplifying, 

B z = E 0 2 (l +4 cos <f> I 4 cos 2 <f>) 

Im — B 2 m ~ 9E 0 2 

^0 ( 1 4-4 cos 4 cos 2 <f>) 


45.3. (a) Set 


y = ~ 9 ~ (*+ 4 cos ^ 4 cos2 ^ 


or 


.’. cos ^ 


cos 2 <f> 1 cos <£ — 7/8=0 

3-^2 

VZ =0.56 


Ul 

^—56' =0.977 radians. 


Width at half maximum is given by 

0.977 A 
. _ 

3.14 d 


A0= 


- 20 - ^ 
■ 20 ~ *d = 


_A_ 

3.2 d 


(b) For two-slit interference frings, A® — A/2</. 

(c) Yes. 
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45.4. / 0 (1+4 cos <f>+4 a; <l>) 

Differentiating with respect to <l>, 
cha 


dl 

Se, -s=° 


—77 ==— - ■ 1 m (sin <£ + 2 cos <f> sin <f > ) 

d<p 9 


...( 1 ) 


( 2 ) 


sin <f> (+2 cos <f>)~Q 

The solutions with 0 < <f> < 2r, are 


sin ^=0 or <f> — 0 
The correspond to maxima as 


, Ti, 2n 

dH o 
d<£* 


— ve 


The other solutions are given by 
l +2 cos <£=0 



These correspond to minima as = + ve. 

Upon using the values ^=0, n and 2n in (1) we find the intensity 
as 1^—Im and l 0 respectively. Of course for the minima 

4tc 

and — are expected as 10 —0. Thus, the secoedary maximum is 

located at <f>=n and lies half way between the principal maxima, 
and has intensity />»/ 9 or 0.1 !/m. 


45.5. As the grating is blazed to concentrate all its intensity in the 
first order for A— -80,000 A, we have 

d sin 0=»i<£ = ( 1)(80,000 x 10~ 8 cm)=8xl0 -4 cm. 

With the use of visible light (4000 A < A < 7000 A) the order 
numbers are given by 


m — 


d sin 0 __ 8 x 10 4 cm 
~ 7 X 10~ # cm 


= 11 for red light (A— 7000 A) 


and 


8x 10 -4 cm 
4 x 10"* cm 


=20, for blue light (A=4000 A). 
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Thus, the intensity is concentrated near the 1 1th order for red 
and 20th order for blue light, the orders overlapping to such an ex- 
tent as to give the appearance of white light for the diffraction 
beams. 


AM £ <t> na a 

45.6. a — =-p stn 0 

2 A 

where ^ is the phase difference between rays from the top and bot- 
tom of the slit and the path difference for these rays is a sin 0. 

For first minimum, v,—n. Also, set a = N<l, 

where N is the number of slits and d is the grating element. 
Replace 0 by A 0„, then, 

nNd sin A0 ( > 


sin A0 O = 


Nd 


where the angle A®o corresponds to zero intensity that lies on either 
side of the central principal maximum. For actual giantings, 
sin A0 O will be quite small so that we can replace sin APo by A0 O 
to a good approximation and obtain the desired result 

A ° 0= Nd 


9 S4 cm 

45-7. The grating element, d= =3.1 75 x I0~ 4 cm 

oOiiU 

Condition for maxima is 

<1 sin 0=/?/A, m— 0, 1, 2,. . . 

For the maximum wavelength that can be observed in the fifth 
order set 0 = 90 and in— 5. Then, 

. 3.175x 10 -4 cm . 

A = — •- =6.350 x 10 8 cm or 6350 A- 

Thus, for all wavelengths shorter than 6350 A the diffraction 
in the fifth order can be observed. 


■■> S4 

45.8. (a) The grating clement cm = 5.0SXl0 4 cm 

Diffracted light at angle 0 = 30" is observed such that 
d sin 0 = mA 

or mA = (0.5)(5.08 X 10~ 4 cm) = 2.54x \0 * em. 

In order that A may be in the visible region (4000 A < _A < 
7000 A), the corresponding diffraction orders and the associated 
wavelengths are given as follows: 
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m—A ; A=6350 A (red) 
m = 5 ; A=5080 A (green) 
m — 6 ; A=4233 A (blue) 

(b) The wavelengths can be identified by observing their colour! 

2 0 

45 . 9 . The grating element, d= cm = 3.33x 10~ 4 cm 

d sin 8 =mA 


sin 



5890 X 10~ 8 cm 
3.33 x f0“ 4 cm 


) 


=0. 1767m • 


As sin 8 cannot exceed unity, the order of diffraction m is restr i> 
ted to 0, 1, 2, 3, 4 and 5. 

The corresponding angles of diffraction are then, 


8 0 — sin 1 0 

8, --sin" 1 (0.1767x1)= 10° 
0 2 --sin -1 (0.1767X 2) = 2l° 
0 3 =sin _1 (0.176'’ x 3) = 32° 
8 4 =sin~ 1 (0.1767 x 4) — 45° 
8 6 =sin -1 (0.1 767X5) = 62° 


45 . 10 . d sin 0=mA 


Set m— 1 

For ^=4300 A 


d sin 6 1 =(l)(4300x I0 4 ' 8 cm)=4.3x 10 5 cm 

...(1) 

For A =6800 A 


d sin 6 2 =(1)(6800 x 10 -8 cm) ^6.8 X 10~ 6 cm 

•••(21 

By Probtem, 8 2 — 0^ 20° 

• • (3) 

Adding ( i) and (2), 

2d sin - z cos — -- 11.1 X 10~ 5 cm 

...(4) 

Subtracting (2) from fl), 


2d cos '^ l sin --- =2.5 x 10~* cm 

...(5) 

Dividing (4) by t,5) 


0j+0i 8j— 8j 

tan 2 ~ cot =4.44 

...(6) 
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Use (3) in (6) to find 

0 | 0 A A 

tan =4.44, and tan-^- 1 -4.44 tan 10° -0.7828. 

' f 

where use has been made of (3). 

Hence, 0 1 +O 1 =76° ...(7) 


Solve (3) and (7) to find 
0 X =28° ; 0 2 =48°. 

Use (8) in (l) or (2) to get 

, 4.3X10 -8 cm r, n-o^ i r>-s 

d= — ^ — = 9.168X10 8 cm. 

sin 28 


Number of lines per cm, N= 


d 9.168 X 10 6 cm 


10900- 


Number of lines per inch = 10900 x 2. 54 =27700. 

2 54 cm 

45 . 11 . The grating element, d= ~gQQQ“ =3.17 x 10 4 cm. 

The angular range through which the spectrum can pass is 
defined by 0 X and 0, (Fig. 45.11). 

tan 0 X = ^ Cm =0.1667 
1 30 cm 


0 X =9° 28' 

sin 0 X =O.1648 
d sin 0 x =/mA x 

A x =(3.17xl0~ 4 cm)(0.l648) 
=5220 X 10 -8 cm = 5220 A 


tan 6 2 — 5 ft Cm =0.2 
4 30 cm 

0,= 11° 18' 
sin 02=0.196 
d sin 02 =mAg 

A t -»(3.17X10“ 4 ctp)(0.196) 
=6210 x 10~* cm=6210 A 


where m— 1, 



Grating 

Fig. 45.11 
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Thus, t le range of wavelengths that pass through the hole is 
5220A to 6210 A. 

45.12. The path difference between 
adjacent rays like 1 and 2 is 

$=BC-\-CD=d sin <\>+d sin 0 
—d (sin tj'+sin 0) 

Condition for obtaining diffraction 
maxima is 

8— mA, m—0, 1,2,... 
i.e. d (sin tp+sin 0)=mA, m- 0, 1,2, ... 

Fig. 45.12 

45.13. Maxima in the interference pattern occur when 
d sin 0—mA 

where m= 0, 1,2,... 

Minima in the diffraction pattern result if 
a sin 6~m'A 

where now m'= 1, 2, . . . 

When both the conditions are satisfied for the same angle 0, 



If alternately transparent and opaque strips of equal width 
are used in the grating then d=2a and consequently M— 2. There- 
fore, all the even orders m= 2, 4, 6, ...(except m= 0) will be missing. 

45.14. For various values of angle of incidence ^ ranging from 0° 
to 90°, we calculate the angle of diffraction 0 using the grating equa- 
tion, 

d (sin 'j'+sin 0 , )=mA 

with m=l for the first order, A=6x 10" 8 cm and <f=1.5xl0 -4 cm. 
The angle of deviation 8 =4' ±0. the +ve sign is taken when the 
incident and diffracted light is on the same side of the normal 
and — ve when on opposite side. 

Fig. 45.14 shows the plot of 8 versus <}'• 
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45.15. The principal maxima occur when 
d sin 0=mA. 

The path difference between the light which gives rise to princi- 
pal maximum and the immediate minimum is A /N, where N is the 
number of slits. Let a change of angle A0 produce this path diffe- 
rence. Then 

d sin (0-f A0)— r/sin 0=A /N 
d ( sin 0 cos A0+cos 0 sin A0— sin 0)=A/Af 

For small angles, sin A0J-* A 9 and cos A0 -* 1. 

Hence, 

d cos 0A0=A//y 
or A0=A/M/cos6 

Thus for order m, 

A6m=A jNd cos 0. 

45.16. The half-width of the fringes for a three-slit diffraction 
pattern is given by 

A 0« A/3.2 d. (1) 

The half-width of the double-slit interference fringes is given by 

A0=A/2</ ..(2) 

If the middle slit in the three-slit grating is closed then it reduces 
to a double-slit and the grating element beomes 2d. Replacing d by 
2d in (2), 


A0-A \*d 


...(3) 
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Comparing (3) with (1), we find that the half width of the inten- 
sity maxima has become narrower by 20%. 

45.17. (a) The grating element, d= =1.9 x 10" 4 cm 

= 1.9 xlO 4 A 

d sin 6—mA 

For 1st order 0j=sin -1 ^ =sin" 1 ( ] fxXo^A ) = sin_1 0.31 = 18!. 

Dispersion D — —a 
d cos 0 

= (1.9X10 4 A)cos 18 o_=0 ‘ 553x10 4rad,ans / A 
=3.17X10"* deg/A. 

For 2nd order, 0,=sin -1 — =sin _1 ==38 * 2 °- 

^ = (1.9 X 10 4 A)cos 38.2 0== 1,34X10 4 rad,ans / A 
=7.67X10"* deg/A. 

3 X 5890 A 

For the 3rd order, 0,=sin 1 ^ =sin~* 0.93=68.5° 


(1.9 XlO 4 A) cos 68.5° 

=4.31 X 10" 4 radians/A = 24.7 X 10~* deg/A. 

( b ) The resolving power is given by R=Nm, where N is the 
number of rulings and m is the order. 

For the 1st order, /?=40,000x 1 =40,000 
For the 2nd order, R— 40, 000 x 2 = 80,000 
For the 3rd order, R =40, 000 x 3= 120,000 


45.18. a4 = 5895.9 A=5890 A = 5.9 A 
m — 3 
0=80° 


Mean wavelength A = i(5890+5895.9) A=5893 A 
d sin 0—mA 


(a) 


Grating spacing, d~ 


mA 

i#sin 0 


(3)(58 93 x 1 0~ e cm) 
sin 80° 


= 17952X10"* cm = 18000 A, 
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(b) Resolving power, R— ,-z—Nm 

AA 


Number of rulings, JV= 


__A 5893 A 

m AA ~(3)(5.9 A) 


=333 


Total width of the rulings, AW=(333)(I8000 A)=6X 10* A 

=0.6 mm 


45.19. 

45.20. 


N= 


A 6563 A 
m AA ~(1)(1.8 A) 


=3646 lines. 


d sin 0=mA 

d8 m 
dX ~d cos 0 


Equation of grating is 
d sin 0=mA . 

m sin 0 
d~ A 

. dti sin 0 tan 0 

dX ~ A cos 0“ A 


45.21. Number of rulings, N=^^jj^-^(6 cm)= 36000 

(a) 


A,-=A Jm 
AA 


AA=~- = 


5000 A 


Nm (36000)(3) 


=0.046A. 


(5) Resolution is generally improved by going over to higher 
order m for a given grating ( N fixed) and given A. However, in the 
present case m — 3 is the highest order that can be employed for 
normal incidence. 


45.22. In order that dispersion be as high as possible (condition 2) 
maximum value for the diffraction angle must be chosen. Since the 
first and second maxima are restricted to angles upto 30°, (Condi- 
tion 1), set 

m=2 and 0=30° in the grating equation, 

d sin 0=mA 


(a) 


mA (2)(6000A) 


sin 0 


0.5 


24.0Q0A 


where we have used the value of the higher wavelength. 
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(b) Since the third order is missing we have 

d - 

— =3 

a 

where a is the slit width. 

-~ =i- (24000 A) =8000 A 

( c ) The maximum order that can actually be seen is given by 
setting 0=90° and with the choise of A=6000 A. 

d sin 0 =/mA 


m- 


d sin 0 (24000 A)(stn 90°) 

= A — 6000 A 


=4. 


The orders that actually appear on the screen are m=land2. 
since m — 3 is missing and m= 4 occurs at 0=90°. 


45.23. (a) Grating equation is, d sin 0=m A. 

For order m and angle 0 X we have 
d sin 6 1 =mA 

whilst for order (m-f-1) and angle 0 2 , 
d sin 0 2 =(m+ 1) A 
Dividing (2) by (1) 

rn+X sin 0 a 0.3 

m sin 0! — 0.2 

whence m— 2. 

Using (3) in (1), we find the separation between adjacent slits, 
d= m A (2)(6000' A) 


•••( 1 ) 

...( 2 ) 


sin 0j 0.2 


=6x 10 4 A. 


(b) Since the fourth order is missing, we have 

— =4 

a 

where a is the slit-width. 

.'. Smallest possible slit-width, — ^=1.5X10 4 A. 

4 4 

(c) The maximum possible order is obtained by setting 0=90° in 
the grating equation 

d sin 0=mA 

d sin 0 (6X10* AXsin 90°) 

m ~ A (6000A) ,0 - 
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Also, since m— 4 is missing, it follows that m= 8 will also be 
missing. 

The orders actually appearing on the screen are m— 0, 1, 3, 5, 6, 
7, 9. The tenth order occurs at 0=90°. 


45.24. For oblique incidence the grating equation is 

d (sin sin 0)=mA •• (1) 

where ^ is the angle of incidence, 0 the angle of diffraction and m 
the order of diffraction. We have assumed that the diffracted beam 
and the incident beams are on the opposite sides of the normal. 

^=90— y ...(2) 

6=90— 2p ...(3) 

»i = l -..(4) 

Use (2), (3) and (4) in (1) to find 
<5? [sin 90— y)- sin (90— 2P)]= A 


or cos y~cos 2(3= A Id 

2 sin i (y + 2(3) sin $ (2(3— y )—A/d 


or sin(p+ |- )sin( p~§-)=-~ 

As Y is small one expects (3 also to be small. 


Replacing since function by the argument 




which upon simplification and re-arrangement yields the result 






A Y 2 

2d + ~* 


By Problem, 


A_ 5A 1 

d “ 15066 A~3000' 


Therefore 



45.25. Bragg’s law is 

2d sin 0«=mA, m= 1, 2, 3, . . . 


For 


</=»2.81 A 
m=l, sin 6= 


A_ 1.2A 
2d (2K2.81A) 


=0.213 


0=12.3' 
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Hence, the angle through which the crystal must be rotated is 
(45°— 12.3°) or 32.7° in the clockwise direction. 

For — 2, sio 

6=25.3° 

The crystal must be rotated through an angle (45°— 25.3°) or 
19.7° in the clockwise direction. 

^ 0 (3)( 1.2 A) „ 

For e- (5g5fs =0.64 

0=39.8° 

The crystal must be rotated through an angle (45°— 39.8°) or 5.2° 
in the clockwise direction. 

For m=4, sin 0= (2)(2.81 A) = °‘ 854 

0=58.6° 

.*. The crystal must be rotated through an angle (58.6°— 45°) or 
13.6° in the counter clockwise direction. Higher order reflection is 
not possible as sin 0 would exceed 1. 

45.26. The sodium chloride crystal has face-centered cubic lattice. 
The basis consists of one Na-atom and one Cl-atom. There are 
four units of NaCl in each unit cube, the positions of the atoms 
being: 

Na 000 ; **0 ; *0* ; OH 
Cl Hi; 00* ;0*0; *00 

Each atom has in its neighbourhood six atoms of the other 
kind. The reflection from an atomic plane through the top of a 
layer of unit cells is canceled by a reflection from a plane through 
middle of this layer of cells because a phase difference of n rather 
than 2n is introduced. 

45.27. Bragg’s law is 
2d sin 0=mA 

A= (2X2.75 A)(sin 45°) _ 3.889 A 
m m 

For m—3, A=1.296 A. 

For m=4, A=0.972 A. 

Thus, diffracted beams of wavelength 1 .29 A and 0.97 A occur. 



Grating and Spectra 361 



S.45.1. 


SUPPLEMENTARY PROBLEMS 



Fig. 44.13 


S.45.1. In Fig S.45.1 (a) the diagrams corresponding to the points 
(a)to(/)of the intensity plot for six slits are shown. For the 
central maximum light is in phase from all slits as well as that from 
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a single slit as in (») of the figure and gives resultant amplitude A 
which is N times as large as from a single slit. In (it) is shown the 
condition half way to the first minimum. This point corresponds to 
*=tc/ 12 so that the phase difference from corresponding points in 
adjacent slits is 8=n/6, this being also the angle between successive 
vectors A! to A 9 . The resultant amplitude A is given by compound- 
ing these vectorially and the intensity is given by A 2 . 

For the derivation of the general intensity formula, consider Fig. 
S.45.1 ( b ) wherein are shown the six amplitude vectors with phase 
difference slightly less than in (/*) of Fig. S.45.1 (o) The magnitude 
of each of these is identical and is given by 



Fig. S.45.1 (b) 



The amplitude An is represented by the chord oFan arc of length 
A subtending an angle 2(J at the centre (single slit diffraction 
pattern). Successive vectors are inclined to each other by an angle 
8=2«. Also each of the vectors subtends a constant angle 2a at the 
center, indicated by the broken lines in the figure. The six vectors 
form a part of a polygon with center at O, the total angle subtended 
at O being 

<fr=NS=N(2<x) (2) 


From the triangle OBC, we find that the resultant amplitude is 

A=2r sin <f>l2 •••(3) 

where r—OB is the radius of the inscribed circle. Similarly, from 
the triangle OBD we find that the individual amplitude An is given 
by 

A x =An=2r sin a ...(4) 

Dividing (3) by (4), we get 

A 2 r sin (^/2) sin N a . 

A»~ 2r sin a — sin a “*'• 


where use has been made of (2). Eliminating An between (1) and 
(5), 
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A=A o 


sin ft sin N* 
ft sin a 


Intensity, 


4> 


sin a Me 
sin* a 


where J 0 is the intensity for a single slit. 


...( 6 ) 

-(7) 


The principal maxima occur in directions for which the waves are 
all in phase. 

8=2 nm with m= 0, ±1, ±2, ... 

«=8/2=mn •••(8) 

We note that when the condition (8) is used in (7), the quotient 
(sin JVa/sin a) becomes indeterminate. We, therefore, resort to 
L’HospitaPs rule i.e., differentiate both the numerator and the 
denominator of (7) and use (8), 

Lim sinJV* _ Lim N cos Na . 
a.-*mn sina ~ a->mrc cos a 


Then (7) becomes 

I max — N*I 0 

I 0 /Imax=l/N * 

These secondary maxima bear a strong resemblance to those 
of the secondary maxima in the single slit pattern. Therefore, repla- 
cing / with h, we have 

Ik/lmax—i/N 2 

This establishes the result required in part (6) of the Problem. 
Secondary maxima are positioned for the approximate value 
(2fc+l)n 


In this case | sin Na | =1. Also, since N is very large a will be 
small and sin*a c* a*. Also, sinft/ft=£l,as (3 will also be small. 
From (7) 

A 0 * A 0 *N* Ima m 

Ik a* “ (* + *)*«* “ (*+*)*«* 

h 1 

Imax (/c-Fi)* It* 

This is the result for part (a) of the Problem. 

(c) As the number of slits becomes large the polygon of vectors 
approaches the arc of a circle and the analogy with the pattc ro due 
to a single slit of width equal to that of grating is complete. The 
diagrams for the grating become identical with those for a single 
slit if Na is replaced by p. 
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S.45.2. 


0 

sin 0 

m 

sin 0/m 

17.6° 

0.30237 

i 

0.30237 

—17.6° 

0.30237 

i 

0.30237 

37.3° 

0.60599 

2 

0.30300 

— 37.1° 

0.60321 

2 

0.30161 

65.2° 

0.90778 

3 

0.30259 

-65.2° 

0.90778 

3 

0.30259 

(sin 0/m) o »= 

=0.30242 



A —d sin 0/m= 

=(1.732x10" 

4 cm)(0. 30242) 


= 

5238X10"* 

cm =5.238 A 


S.45.3. (u) 




0 

sin 0 

m 

sin 0/m 

6°40' 

0.11609 

i 

0.11609 


0.23345 

2 

0.11672 


0.34749 

3 

0.11583 

35°40' 

0.58306 

5 

0.11661 


(sin 0/m)o»=O.l 163) 


A=</sin 6/m— (5.04x10 4 cm)(0.1163)=5861 A. 

(6) The missing fourth order must lie between 0=2O°2O' and 
0=35°4O'. 

With 0=2O°2O' 


5861 X 10"® cm 
0.34749. 


= 1.69 x I0~ 4 cm= 1.69 micron. 


With 


0=35°4O' 

5861X10"* cm 
a 0.58306 


= 1.0 x 1 0" 4 cm =1.0 micron. 


Thus, the slit width must lie between 1.0 and 1.69 microns. 


S.45.4. Grating equation is 

dsin0=mA ...(1) 

where d is the distance between the rulings and m, which is an 
integer, is the order of diffraction. 

Diffrentiating (1) with respect to A, 
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or 


d cos0 



d$_ m m m 

dX d cos 0 d*f 1 — sin 2 0 \/d a — d a sin* 0 


_ m 1 

~ V d*-{rriW) ~ V(rf 2 /w*) - A* 

If the wavelengths are crowded then d.\ can be replaced by AA 
and d6 by A0. 

Thus, A0=AA/V(«i*A« a )-A*. 


S.45.5. (a) d sin 0=mA ---(l) 

Set 0=90° 

,., 9000 A. . 

Then, m d/X 6000 A , - 5 ' 

Only m=l is allowed. 

Thus, there can be only one line on each side of the central 
maximum. 

(ft) d sin 0 =/mA 

Set m= 1 


sin 


A 6000 A 
d “9 00 A 


0.667 



'0=42° 

The angular width is 

* 0 A tan 8 

^ dN cos 0 ~ AT 

ta n 47 * 

=9 X 10- radians 
where use has been made of (2). 


(c) Resolving power, R= A/ A A. 

...(3) 

Now, A9=^ A . 

d cos 0 

••(4) 

Multiply (3) and (4) to get 


_ , n mX 

* Ae ”i^Te =,an 6 

••(5) 

where use has been made of (1). 


A A0=tan 0/J? 
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- 0 ) 

...(3) 


S.45.6. (a) R=\lh\=Nm 
Now, v =c/A 

AA c AA 


Av I =c 


A 2 _ A A NtnA 
where use has been made of (1). 

(b) Path difference between the extreme rays is 
$—Nd sin 0. 

Therefore time of flight difference, 

Nd sin 0 


At = — • 

c 


...(4) 

...(5) 


(c) Multiply (3) and (5) 

c Nd sin 0 


(Av) (At)- 


d sin 0 


= 1 


' NmA c m A 

where use has been made of the grating equation, d sin 0=mA. 


S.45.7. Refer to Textbook Fig. 45.14(a) and 45.14 (6). Next five 
smaller interplaner spacings are shown in the sketch of Fig. S.45.7. 




46 POLARIZATION 


46.1. Let 7 0 be the intensity of the incident unpolarized light, 7 X the 
intensity of beam through the first sheet and / 2 the intensity trans* 
mitted through the second sheet. 

By Problem, h=\I Q 

h~h cos 2 0 

(а) y-=cos* 0= 4 
cos0=±l/V r 3=±O.577, or 0=±55°. 

(б) /,= L* =/, cos* 0= cos* 0 


cos0=± J ~Y~ ~±0.8165 or 0= ± 35°. 


46.2. Let /„ be the incident intensity, I v I ti 1 3 and 7 4 the intensity 
from successive sheets. Then the transmitted intensity of light 

7 4 =7 8 cos 2 0 
Also, 7 a — 7jjcos a .0 
7,-7, cos* 0 

A=H 

7 4 =7, cos* 0=7 2 cos4 0=7 4 cos® 0 = (7 o /2) cos® 0. 

Fraction of incident intensity that is transmitted is given by 


1 

2 


cos® 0 = 


1 


cos® 30°= 




21 

128' 


46.3. (a) Ex~Esin (kz-ut) 

-0) 

Ey~E cos (kz— (ot) 

-.(2) 

Square (1) and (2) and add 

I 

£**+£, 2 =£ 2 



This is an equation of a circle. It is circularly polarized. The 
wave has the form 

E=iE*+ \E y —E[\ sin (kz—o*t)-\- j cos (kz—cot)] 

We can examine its behaviour at some fixed point in space, say 
2=0. At /=0, T/4, 772, 3774 and T , E (0, t) has values of 
isj, —Ej, Ei and E\, respectively. These values are indicated 
.in Fig 46.3 (a) over one period, using a right-handed system, E has 
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constant magnitude but rotates counter-clockwise (looking toward 
tl*e source). The field is therefore left circularly polarised. 

(6) Ex=E cos ( kz—u>t ) —(4) 

Ey—E cos (kz—(ot+n/4) •••(5) 

Equations (4) and (5) can be combined to obtain 

E* a +E, 2 -S2E,E,=E'/2. ...(6) 

This is an equation of an ellipse whose major axis is tilted at an 
angle 45° to the Ex axis. 

We may write (4) and (5) in the vector form 

E ( z , t)=iE cos (kz— w/)-f j E cos (kz— a>t+n/4). 

We can examine its behaviour at 2=0 and for various values of t. 

E (0, 0)=i£ -}- j ~ 

E ( 0, T )=°+ i h 

e(o, {-)— UT- j 
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It is seen from Fig. 46.3 ( b ), that the 2?-field rotates counter- 
clockwise and is therefore left handed. 

(c) Ex—E sin (kz~-<ot) 

E y — — E sin ( kz—cot ) 

E y — — Ex 

This is an equation of a straight line. The light is plane polarized 
with the major axis inclined at an angle of 135° with the E a axis. 

46 . 4 . (a) For water tan 0p=n = 1.33 

0„=53 O 

(b) Yes, the angle does depend upon the wavelength as n is a 
function of A. 

46 . 5 . From Textbook Fig. 41.2, we note that the refractive indices 
range from 1 470 to 1.455 for the white light. The corresponding 
polarizing angles are 

0j>=tan _1 1.470=55°46' 
and tan" 1 1.455=55*30' 


sin ro- 


sin 45° 

T «58 ~ 0 - 4265 


46 . 6 . (a) For the ordinary ray, 
s in i 

no 

r 0 =25°l4' 

For the extraordinary ray 
sin / sin 45° 


sin Ti- 


nt 


1.486 


=0.4758 


r«=28°25' 

tan r 0 =tan 25°14'=0.471=FC/flF 


i 



Fig. 4* 6 
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Since BF— 1 cm, 

FC= 0.471 cm 

tan r«=tan 28°25'=0.541 =FE/BF 
FE— 0.541 cm 

CE=FE-FC= 0.541 cm-0.471 cm=0.07 cm 
DE=CEl 2=0.05 cm=0.5 mm 

(6) Ray x is extraordinary whilst ray y is ordinary. 

(c) E in ray y lies in the plane of figure whilst E in ray x lies at 
right angles to the plane of the figure. 

(d) If a polarizer is placed in the incident beam and rotated, for 
every rotation of 90° one or the other ray will be alternately 
extinguished. 

46.7. Set the prism in the minimum deviation position for the 
ordinary ray °nd then for extra ordinary ray and if the angles of 
minimum deviation D 0 and D», respectively for the two rays be 
determined then the refractive indices can be found out using 
the following formulae. 

n 0 =sin £ C4+£) 0 )/sin £ A 
m=sin £ (A+D »)/ sin £ A 
with A=6Q°. 

46.8. Thickness of the quarter-wave plate, 

__ A 5890x10-" cm 

4 (ne— n 0 ) 4 (1.6117 — 1.6049) 

=0.0021'’ cm = 0.0217 mm. 

46.9. Let the two linearly polarized plane waves be given by 
Ej (r, t)=E 0 , cos 

E 2 (r, /)=E 02 cos (k t .r— cot+<f> t ) 

Then the resultant field is 
E^Ei+E, 

The intensity is 

/=< E* > 
where JT*=E.E 

l.c. £ a =(Ei+E 2 ).(E 1 -fE t )= J E 1 «+£ 2 *+2E 1 .E 2 

Taking the average we find 

l=h+l .+/„ 

where / 2 = <£•,»>, / 2 ==<£,*> and /, 2 =2 <E,.E,>, 
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the last being the inteference term. But since and E, are perpen- 
dicular to each other, the dot product E X .E 2 vanishes and cons- 
equently 

= <E l *> + <E t *> 

<£!*>= | cos 2 (kj.r— dt— ~°2~ 


Similarly <£ 2 2 >=^ 


Thus 


W 'E 0 l 

2 + 2 


which is independent of the phase difference. Hence, interference 
effects cannot be produced since the intensity remains constant as 
one moves from point to point in space. 


46.10. Consider a parallel beam of circularly polarized light of 
cross-section A to fill up a box of length d. If U is the energy and 
to the angular frequency then the angular momentum is by Textbook 
Eq. 46.5 given by 



a> 


But 



JL=-F- 

wV wdA 


where we have written V—dA 


1 

\ 


Also, the distance travelled rf=ct so that 

Lb== 1/ =j P 

<oC(A a >C 

since P - U/tA. 


46.11. Rate of transfer of angular momentum, 
= P P _ PX 
a> 2«v 2nc 


(100 watts)(5 X 10' 7 meter) _ - 

~ ~(2r)( 3x 10® meYcr/sec) = 2 ' 65><l0 u ke-rrr/scc’- 

If the angular momentum is transferred in time t sees, then 
2.65 x 10~ M f— L'=/V 


where L' is the angular momentum acquired by the flat disk. 
r=i is the rotational inertia about its axis and <«' is* the 
angular frequency of rotation. 
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t= 


j(1.0~ B kg)(2.5 x 10~ 8 meter) 2 (2rc X 1 .0 rev /s ec) 


2.65 X10~ 14 


kg— m 2 

sec 2 


=7400 sec=2.06 hrs. 


SUPPLEMENTARY PROBLEMS 


S.46.1. Let Ip be the original intensity of plane polarized light and 
J 0 that of randomly polarised light. In the light transmitted through 
the polaroid sheet for the randomly polarized component 

h' = \ h -U) 

and for plane polarized component, 

Iv'=Iv cos 2 0 ...(2) 

where 0 is the angle between the plane of polarization and the 
characteristic direction of the polaroid. The maximum transmission 
intensity is given by adding (1) and (2) and setting 0=0. 

/'(m«*) = /j>'4-/ ( , , = /»> + i J 0 ...(3) 

and the minimum transmission intensity is given by setting 0=90°. 

I\mxn)~Iv ~\-IJ — 0 + i J 0 •••(4) 

Dividing (3) by (4) 

/'(mog ) Ip -f-| /„ 5 

1 (mi B) \ I 0 1 

whence Ip=2I„ 

Thus, the relative intensity of the polarized component in the 
incident light is 

Ip 2 To 2 

Ip+I. ~ 2I 0 +I 0 ~ 3 

and that of randomly polarized light is 

[o _ [o 1 

Ip+I„ 2I o +I 0 3 

S 46.2. (a) Let the light pass through a stack of polaroid sheets 
such that each sheet causes the plane of polarization to rotate 
through an angle less than 90° but the total angle of rotation addes 
up to 90°. 

(b) Transmitted intensity through the first polaroid sheet 
Ii~I, cos* 0 
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where I 0 is the original intensity. Similarly, the transmitted inten- 
sity through the second sheet will be 

k h~h cos 2 0=4 cos 4 0 


If N sheets of Polaroid are used, then 
4v=4(cos 0) 2iV 

where we have assumed that angle of rotation through each sheet 
is the same. 


By Problem, 

4v/4= 0.95 


Furthermore, 0— — = -^y- radians 



—0.95 


As N is expected to be large, the cosine function can be approxi- 
mated by the power series retaining only the first two terms and 
then use the binomial expansion as follows: 



2AU 2 , 

'w + - 



0.95 


Solving for N, we find 
JV=5 tc 2 =50. 

46.3. The function of a Polaroid is to convert unpolarised light into 
plane polarised light. The quarter wave plate introduces a path 
difference of A/4 or a phase difference of tc/ 2 between the two 
emergent waves, where A is the wavelength of the incident mono- 
chromatic light. Its function is to convert in general the incident 
plane-polarised light into elliptically-polarised light though the 
special cases of emergent plane-polarised light occur for 0=0° or 
90° and circularly* polarised light for 0=45°, where 90 —0 is the 
angle between the electric vector in the incident plane polarised 
light and the optic axis. Upon reversing the direction of the light 
the role of the quarter-wave plate is to change the elliptically-pola- 
rised light to plane-polarised light. 

Let the side A have the Polaroid and let the polaroid axis be 
oriented at 45° to the principal axes of the quarter-wave plate. The 
unpolarised light first enters the polaroid and the emergent plane- 
polarised light upon traversing through the quarter wave plate is 
changed to circularly-polarised light which after reflection from the 
coin returns and on traversing the quarter-wave plate is changed 
back to the plane-polarised light but now the polaroid is “crossed” 
and so the extinction of light occurs. Thus, the same combination 
of polaroid and the quarter-wave plate acts both as polariser and 
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analyser. On the other hand if this combination is placed with the 
quarter-wave plate away from the coin (with the face A against .the 
coin) then unpolarised light would first enter the quarter-wave plate 
and will be unaffected, and the resultant light upon traversing the 
Polaroid would hot be extinguished. 

S.46.4. For the right circularly-polarised light the eletric vector E 
rotates clockwise on a circle around the direction of propagation as 
we look toward the source. 

(а) Upon reflection the direction of propagation is reversed and 
the reflected beam becomes left circularly-polarized. 

(б) As the direction of light beam is reversed, the direction of 
linear momentum of light is also changed. 

(c) Angular momentum is a pseudo vector (axial vector) i.e. a 
vector given by the vector product of two polar vectors. 
Under mirror reflection, the direction of angular momentum 
of light does not change. As the incident light is right circu- 
larly-polarized, its spin points in the direction of propagation. 
Upon reflection the light has become left circularly*polarized 
and its direction of propagation has been reversed so that its 
spin still poiDts in the original direction. In other words the 
direction of spin has not changed. 

{d) The impact of light beam on the mirror causes radiation 
pressure. 



47 UGH r AND QUANTUM PHYSICS 


47.1. Planck’s formula is 


Q 1 

0 

with C\— 2nc 2 h and C 2 = liclk 

The peak in the intensity distribution at the given temperature 
T is obtained from the condition 




A 6 


( 


CJ\T 


dR x 

0A 


=0 


This leads to Am 


£ z 1 

5T(\_ r cjn m 


This is a transcendental equation in A m 
Set C a /rA m = x 


then, 


-5. 


1 —e~ x 

The equation is satisfied to a good approximation with x=5. 
C* 


or 


or 


TA m 

he 


kTAt, 


=5 


=5 


An»= 


hc_ 

5kT 

(6.63 X 10~ 84 joule-sec)(3 X 10 8 meter/sec) 
(5)(1.38 X 10" s# joule/°K)(6000 °K) 
*4.8XlO“ 7 meter=4800 A. 


47.2. Area under the lower curve (Tungsten) is 2.35 cm*. Area 
under the upper curve (Cavity radiator) is about 9 cm* 

.*. Emissivity of tungsten =2.35/9 =0.26 

47.3. T=6000 °K 

Area of the hole=«/4 (0.01)* cm*=7.85 X 10~* cm* 
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Mean A== — 5S — =5505 A=5.505x 10'« cm 

<A=1Q A=10~ 7 cm. 

2nc 2 hdX 


R k d\= 


A.( e h 'l* kT -l ) 


Let N photons/sec energy through the hole. Power radiated 
through the hole=A7zv 


ARxd\=Nhv, or N= 


ARxdX 


} iv 


or 


N= 


2ncdAA 


A<( ) 


Now, 


he 6.63 X 10 -34 joules-sec)(3 X 10® meter/sec) 

A kT (5.505 X 10~ 7 m)(1.38 X 10~ 28 joule/°K)(6000°K) 

—4.36 

v _ (2«)(3 x 10 10 cm/sec)(10~ 7 cm)(7.85 X 10~ 6 cm 2 ) 

" (5.505 X 10-» cm)V M - 1) 

=2.1 X10 18 . 

47.4. r=4000°K 

Area, a4 = h( 0.0025) 2 =1.94X 10* 6 meter 2 

Mean A= — /xm— 0.55 m/m=5.5x 10 -7 meter 

</A=0.7— 0.4=0.3x 10~ 4 cm=3x 10" 6 cm=3 X 10“ 7 meter 
(fl) Energy/sec escaping from the hole in the visible region 
2nc 2 hd\A 


AR x d 


A»( ) 


Now j£_ = . 


(6.63 X IQ -84 joules-sec)(3 X 10* meter/sec) 


A kT ~ (5.5 X 10" 7 meter)(1.38x 10~ 28 joule/°KK4000°K) 
=6.55 

.'. ARxdX 

(2«)(3 x 10» mete r/ sec) 2 (6 . 63 X 1 O' 84 j-s)(3 x 10~ 7 m)(l .94 x 10~» m 2 ) 
(5.5 X 10' 7 naf6ter)*(e*‘ 58 — 1) 

=63 joules/sec =63 watts 
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(6) Total cavity radiation, Rc—oT 6 

where a is Stefen-Boltzmann constant. 

<r=5.67 x 10 -8 watt/(meter 2 )(°K 4 ) 

Total cavitation radiation escaping through the hole 

=RcA=(5.67 X KT 8 ) X (4000) 4 x (1.94 X 10~ 6 )=285 watts. 

.'. Fraction of eneigy in the visible region =^^-—0.22 


47.5. Planck’s law is, Rx — ^ 




If A is small or T is small then the exponential term in the paran- 
thesis is much larger compared to unity. 


Rx=* — 


Q 


A 5 e 


C a /A7 


- (Wien’s law) 


47.6. Solar radiation falls on earth at the rate of 2.0 cal/cm 2 -roin, 
or 2.0 X 2.613 x 80 1# ev/cm a -min. 

Energy of each photon of A=5500A° is 

A 

=(4.14 x 10 -18 ev-sec)(3 x 10 10 cm/sec)/(5.5x 10 -6 cm) 
=2.26 ev 

Therefore, number of photons incident/cm 2 -min 

2.0x2.613 X 10“ ev/crn 2 -min 1f . 18 

(2.26 ev) ~ -2 - J1X1U 


An m P . he (4.14x10 16 ev-sec)(3 X 10 l ° cm/sec 

47.7. £=fc= T = ,21cm) 

(4.14X 10 -15 ev-sec)(3 X 10 cm/sec) . _ 

= 5.9 X 10 • ev. 

47.8. For orange light, E=- f =- (4, 14 x 10 “ ev ~ sec )8 x 10 ** cm /aec) 

A (6800 x 10 cm) 

= 1.826 ev 


Sodium cannot show photoelectric effect as the photon energy is 
less than 2.3 ev, the energy required to remove an electron from 
sodium. 
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he 

47 . 9 . (a) Energy of photon = - 

A 

(4.14X10 -15 ev-sec)(3x 10 10 cm/sec) , 

(2000X10- 8 cm) “ ;(, • 2 

Energy of fast photoelectrons=/tv — W=6.2— 4.2— 2.0 ev. 

( b ) Energy of slowest photo electrons is zero since originally 
electrons in the metals have Fermi-distribution and for these elec- 
trons which are sitting down the well, greater energy is required. 
Therefore, the photo-electrons have an energy spectrum, the mini- 
mum energy being zero. 

(c) Stopping potential is 2 volts. 

(d) Cut-off wavelength corresponding to threshold energy ' of 
4.2 ev is 

he (4.14 X10" 16 ev-sec)(3x 10 10 cm/sec) 

E 4.2 ev 

=s3xl0 -5 cm=3000A° 

47 . 10 . Photo-electric effect equation is h v— E 0 =F 0 with 
£ 0 =2.3 ev for Lithium. For a given value of V 0 , the frequency 

of the incident radiation is calculated from v — °— °. The calcula- 
ted values of v are tabulated. Fig. 47.10 shows the plot of stopping 
potential versus the frequency of the incident radiation. 


Vo 

fa 

v (Cps) 

0 

2.3 ev 

5.5 X10 1 * 

0.2 

2.5 ev 

6.0 Xl0 14 

0.4 

2.7 ev 

6.5X l0 M 

0.7 

3.0 ev 

7.2 X10“ 

1.0 

3.3 ev 

8.0 X 10 14 

1.5 

3.8 ev 

9.2 X 10 14 
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47 . 11 . Intensity of light source =10 -8 watts. 

Binding enqjgy of electron =20 ev=20 X 1.6 X 10~ 1# joules 

=3.2 XlO -18 joules 

Target area=n (10 -10 meter )*=10~*° n meter* 

The area of a 5-meter sphere centered on the light source is 
4n (5 meter)* = 100n meter* 

If the light source radiates uniformly in all directions, the rate 
P at which energy falls on the target if given by 

i'=(lO-‘ watts; *=10-* 7 joules/sec. 
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Assuming that all this power is absorbed, the time required for 
the ejection of electron is 


(3.2 X 1 0~ 18 joules) 
(10~ 27 joules/sec) 


=3.2 x 10 9 secs ©* 


100 years 


47.12. A=5890x 10“ w m. 

(a) Let N photons be emitted/sec. 

hcN 

100 watts=/ivA r = 


or 


100 A 100 x 5890 XlO- 10 
he “6.63 X 10~ 24 X 3 X 10 8 


=2.96 x 10 20 per sec 


At distance r=cm, number of photons going through 1 cm* is 
N 

4nr 2 ' 


N 

At distance r cm, density is =10 


2.96X 10 20 =8863 ctn=88 6 meter 
40x3x 10 lO n 


r J40nc \!t 

(b) As the density is inversely proportional to r 2 , the density at 

( 88 6 \ a 

— j— J = 1.96 X 10 4 /cm*. 


47.13. Suppose a photon of energy fa is completely absorbed by a 
free electron. Then the photo-electron must be ejected in the for- 
ward direction in order to conserve momentum. Conservation of 
energy gives 

fa + m 0 c 2 = V c-p 2 +m 0 2 c* . . . ( 1 ) 


Conservation of momentum gives 

fa 


Using (2) in (1), 

fa 4- m 0 c 2 = 4 h 2 v 2 + m 0 2 c* 
Squaring both sides and simplifying 
2fam o c 2 =0, which is absurd since 
fa^O and /n o c 2 ^t0. 


...( 2 ) 

...( 3 ) 


4714. ~ 1 /(1 +2a sin 2 O/2)’ 

for 0=90° 


where a= 


fa 

m 0 c 2 ' 
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(a) for A=3.0cm, hv—h- 


uwia-u .(3 X 10 10 cm/sec) . . v , 

=(4.14x10 18 ev-sec) = =4.1x10 8 

’ 3 cm 


// 

£■ /( 


0.51 X 10 8 ev 
4.1 x 10~ 8 ev, 


:8x 10~ u . 


Percentage change in energy ^(AElE) 100=8x10 u xl00 

=8 x 10 -8 % 

which is practically zero. 

(k\ he (4.14X l0-« ev-sec) (3 X I0 10 cm/sec) 


(6) For A=5000A° ; Av = 
=2.48 ev. 


5000 x 10" 8 cm) 


4A-, It , , 0.51 X 10« e v) 

B /A + 2.48 ev ^ * IU 

Percentage change in energy = 5x 10~ 8 X 100=5 X 1 1 -4 % 


, x c . _ AO , Ac (4.14X 10 15 ev-sec)(3x 10 10 cm/sec 
(e) For »=I.0A" ; ftv= T = 0<f- cm)' 

= 1 2420 ev. 

AE_, ,( 0.5IX10»ev \ 1 

£ */\ + 12420 ev I 41.2 u 

Percentage change in energy=0.0242 X 100=2.4 % 

(r/) For Av= 1 Mev 

.'. Percentage change in energy =66%. 

For small photon energy (small compared to rest-mass of elec* 
tron i.e. 0 51 Mev) there is practically no loss of energy in the 
scattering process. But for high energies such as those associated 
with X-rays, energy loss may be significant. 


4715. 


A A' 




1 , Textbook (47-13) 




cos 0= A _ £ cos Textbook (47.15) 
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sin Textbook (47.16) 

V 1 — v a /c a 4 

Eliminating 0 by the squaring (47.15) and (47.16) and adding, 

”* 0 V . , / 1 1 2 cos ^ \ 

l-v*/c 2 \ A* + A' 2 AA' ) 

Cancelling the common term c in (47.13) and re-writing 


V l-v 2 /c 


h h o 
= T — Tr + m C 


Square the last equation and from the resultant equation substract 
the previous equation 


w 0 a (c 2 -v 2 ) 2/j 2 . 

+2m 0 cl 


(!-*)+ 


2/i 2 cos <f> 
AA' 


or w 0 2 c 2 =/w 0 c 2 - ^(1-cos >f>)+2m 0 hc (t/A— 1/A') 
Cancelling m 0 c* on both sides 

(1- X')“AX' U ~ cos 

Multiply throughout by AA', and simplify, 

AA=A'-A= A (i-cos <f>), Textbook (47.17). 
m 0 c 


47.16. 


l** me *L ( 1 __JL\ 

h* \j 2 fc* j 


First three longest wavelengths in the Balmer series are obtained 
by put*ing/=2 and k= 3, 4 and 5. 

(9.11xl0-‘ , gm)(4.8xl0-“esu)‘ — 

> «:«25x ld = ""erFscc)* *3.2* X 10“ 


,=3.28xlO“(±_J,~) 

,,-=3.28x 10“ (-^ - •| i )=-4.556x 10“- 


3 x 1 0 10 
4.556 x lO 14 


=0.6585 x 10~< cm=6585 A 0 


/ ! j \ 


v f =3.28x iO 1 * ^ 2 ‘, - ^ j=0.6150x 10« 

J y 1 A|0 

A *° 0.6iwxi i0“ ° 4908x 10-’cm-4908 A". 
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v s =3 28 X 10 15 


V 2 2 5 V 


0.6888 X10 16 


3xi0i° 

^ 3 ~ 0.68 8 8 xlo 1 " 5 "" 4,369 X 10 5cm=4369 A °- 


( 6 ) 


'oo 


: 3.28x lO 18 ^-^ — j =0.82 X 10 15 


3 X 1 0 10 

^oo= 0 82xl0 16 ~ 3 -^ 3 ^X 10 -6 cm = 3658A°- 


Balmer series lies between and i. e . 6585A° and 3658A 0 
47.17. (a) 


(b) 


h* 


4k 2 me- w ^ ere e ' s * n e - su > m i n gms and h in ergs-sec 


(6.63 X 10 -27 ) 2 


47t J x9.1 x 10~ 29 X (4.8 xlO~*V ==0 - 53 x 1 0 cm 


(c) L= g- =6.63 X 10~* 7 /2rc= 1.1 x 10~ 17 erg-sec 

( d \ mv ^2-nme 2 me 2 e* e = 0.51 1 X 10* \_ 

P h c c *c ~ 137 c 

— 3730 ev/c. 

(<>) co= v A*. 8 /”! 4 _(8n 3 H9.1 1 x !Q-«° gm)(4.8 x IQ- 1 0 esu ', 4 
c h 3 (6.63 x 10 -27 erg-sec) 8 

=4.1 x 10 1 ® radians/sec. 

< _ 2 "* 2 (2it)(4.8 X 10~ 10 esu) 2 „ 

h (6.n3X10 11 erg-sec) 

((,'] F — — 2 __ 16r t 4 /« 2 e 8 (16rc 4 )(9. 1 1 X 10~ 28 gm) ! (4.8 x 10~ in ««)* 

r 2 /j 4 1.6.63 X 10~ 27 erg-sec) 4 

= 8.17x 10“ s dynes. 

t,\ / ,_ 16n4 " ie6 8.17 X 10~' dyne .... . 

4) “/,< “ “ 9. 1 x"iO’ M gtn =9xW cm ' 


i/ *= 


2n*w»e 4 nic 2 e* 


(j) U=- 

(k) £= 


h 2 2 -RV = 

/ Ji 2 me 4 _ mc 2 e* 
~¥~~~ fiV" 

2k* me' 

¥ 


0 511X10®/ 1 \ 8 
2 A 137 / 


—0.51 1 x 


10 ® 

(137)*' 


ev= 13.6 ev. 
-27.2 ev. 


= — 13.6 ev. 
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1 , 2 - 

Aliteri <b) r— ®- 

Time 1 


(6.63 X 10' 84 joule-secj 2 (8.85 x 10 -12 coulVnt-m?) 
~ n(9.1 X 10~ 81 kg)(lT6^<lO- li Toui) 2 

=5.3 X 10“ u meter. 


(c) L- 

(/) 


li 6.63 X 10~ 84 joule-sec 


2ji 


2n 


= 1.06x 10"* 4 joule-sec. 


>=J, 


4 re c 0 mr 


_ [ (1.6XJ0 19 coul) 2 (9x 10* nt-m 2 /coul 8 ) 
V (9.1 X l O' 31 kg)(5.3xlO“ u meter) 

=2.19 X 10® meter/sec. 


(d) p=mv=( 9.1x10 81 kg)(2 19X10® meter/sec) 

=2 x 10 -24 kg-meter/sec. 

r\ v 2.19X 10® metcr/sec . , w ,. 

(e) a» = — = — — - — — — - =4.1 X 10 1 ® radians/sec. 

r 5.3x10 11 meter ' 


(g) F= 


4 jce 0 r 2 


(9x 10* nt-m 2 /coul*)(1.6x 10 19 coul) 2 Q 0 1ft _ 8 

= (5l3U0'“-miter)‘ =8-2x10 nt. 


(» a 


F 8.2X10" 8 nt 


m~9.l X 10' 31 kg 


=9x 10 22 meter/sec*. 


O') K* 


8 ne 0 '’ 


=* (9X 10* nt-m 2 /coul*)( 1 .6 X 10 -w coul)*/(5.3 X 10~ 12 m) 
=2.17 X 10~ 18 joules 

=(2.17 x 10 -18 joule)/(1.6 x 10' 19 joule/ev)= 13.6 ev. 


O) 

(*) 


(/=- 


4 rte 0 r 


~—2 K=— 27.2 ev. 


£=*+(/=( 13.6-27.2) ev = -13.6 ev. 

1 


47.18. (VrocnHc) Locn(d)p<x 

fi 

(«) «« (/),<*--(*) Focjj- 
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(h) ocJ r (/) Koz \ (j) Uk± (k) Ecc l - t 

it n tt fi 


47.19. As the energy required to remove the electron is oc (1 /»*) 
and since ionization potential (i.e. energy required to remove the 
electron from the ground state of hydrogen atom with n = l) is 
13.6 ev, energy required to remove the electron from the n — 8 state 


or 0.21 ev. 


Am *a r 2n l me i h ( 1 1 \ 

47 . 20 . 

= (3.28 X 10 18 sec -1 )(4.14X 10 -15 ev sec) ^ V,— ^ 

(a) For y= 1 and /c=4 

£=^=13.6^ --- 12.75 ev. 

(b) For transition from n =4 to n—3, £"=0.66 ev. For transition 

from n—4 to n=2, £==2.55 ev. n _ 4 

For transition from n =4 ton— 1, 

£=12.75 ev. -'-5i — * 1 1 n "3 


For transition from n=3 to 
n=2, £=1.89 ev. 

For transition from n — 3 to n= l, 
£=12.09 ev. 

For transition from n — 2 to n=l, 
£= 10.2 ev. 


Fig. 47.20 


(c) Transition energy, £ 0 = 12.75 ev. 

This energy must be shared between the emitted photon of eoergy 

Av and recoiling hydrogen atom, 

£*+/iv= 12.75 ev •••(!) 

Momentum conservation gives 

Pn—hvfc 

i.e. V 2 EkMh = — 
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or h)—4 2 E r M h c? ...(2) 

Using the value of Av from (2) in (1) 

Er+J?. E r M h c* =12.75 

i Af H v„*+ V 2 = 1 2.75 

. . 25.5 

or ** h + 2 v H c= — 

m h 

V 1L 25.5 __ 25.5 ev 

c* + c -940X10^ 

p*+2 p-2.7 X 10- 8 =0 
where P=v tf /c 

Solution of the quadratic equation gives, 

P=1.35 x 10“ 8 

v//=pc=(1.35x 10“ 8 )(3x 10 10 cm/sec)=405 cm/s. 

47.21. ( a ) Av= — 0.85 — (— 3.4)=2.55 ev 


0-85eV 

V-eV 
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10.21-13.6 (i— Jr) 

Assigning different integral 
values for j and k , we find that 
the above equation is satisfied 
for y=l and k— 2. The energy 
level diagram is shown in Fig. 


/!= 2 

->4ev 

n=i 

f -13-6eV 


Fig 47.23 


47.23. 

47.23. Since the excitation energy for the state n== 2 is 10.2 ev, the 
kinetic energy of neutron (6.0 ev) falls short of it. Therefore, the 
collision can be only elastic one. The initial energy of 6.0 ev will 
be shared between the scattered neutron and the recoiling hydrogen 
atom. 


47.24. For singly ionized helium, the nuclear charge will be +2e. 
The expression for photon energy will be multiplied by a factor of 
2 2 i.e. 4. The corresponding spectrum (apart from correcting for 
reduced mass) will be pushed up on the frequency scale by a factor 
of 4 compared to hydrogen spectrum (or A shortened by a factor 
of 4). 


47.25. /iv=(4)(13.6 ev) = 54.4 ev. 


47.26. In Bohr’s formulae m should be replaced by the reduced 
mass ft. 


± = i,I 

ft m m’ 


or ft— 


m 

2 


(a) 


fa 


2 ltP/te*/ 

‘~'h* 


/ 1 

i ' 

\ ■n i me*( 

1 1 'l 


k 2 

r h*\j 

« k a ) 


Compared to hydrogen spectrum, it is seen that the 
in positronium spectrum are shrunk by a factor of 2, (or 
by a factor of 2). 


(6) r ( p,s) 


/i 2 


2h a 


4n a fte a 4n a me a 


-2r 


H 


frequencies 
A increased 


where th — ground state radius of hydrogen atom=0.53 A°. 
2x0.5 3=1.06 A. 


47.27. (a) r ( Mu c *) = 4 

where ft is the reduced mass of ft and proton system. 

1 = 1 1 

/u 1836 m - "267 m 
where m is the mass of electron. 

.*. /*=186w 
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h l _ rn 0.53X10" 8 „ 
- 186x4n * me » 186 ~ 186 cm 

=0.285 XlO* 10 cm. 


( b ) As the reduced mass is 186 times greater, the ionization 
energy is enhanced by the same factor; i.e. ionization energy for 
muonic atom with proton as nucleus is 

(13.6 ev)(186) or 2530 ev, i.e. 2.53 kev. 

(c) Maximum transition energy is provided for transition between 
n = 2 and n=l. For muonic atom, 


hv = 2530 



= 1897 ev 


1897 

V 4.14 X 10 -15 


see 1 


_c (3xlO l0 cm/sec )(4. 14 X 10 16 ev-sec) 

v (1897 e\) 


=6.5 x 10‘* cm. 

a wavelength which falls in the X-ray region. 


48.28. Equating the electrical force to centripetal force. 


C 9 

— 5 =mw , r 

r z 

•• (1) 

Quantization of angular momentum gives 


„ nh 

••(2) 

2 jt 

Squaring (1) and re-arranging, 


m*ut*r*=e* 

...(3) 

Raising both the sides of (2) to power 3, 


m z a?r* = — - 3 - 

...(4) 

Divide (3) by (4) to get 


& 4r 2 me 4 

...(5) 

V °^ 2n~ ~ n 3 li* ~ 

The frequency of radiation is given by 


2 n 2 me* f 1 1 \ 


v /»* V/* k') 



for transitions between the states k and j. 
Setting j— n and k—n - 1 1 
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2n 3 me*l l 1 \ 

/j» V n a (n-PTj*/ 


2js 2 me^(2n + l) 
h z n\n + l) 2 


( 6 ) 


If n is large then in the parenthesis of both numerator and deno- 
minator of equation (6), 1 can be neglected so that 


(2n+ l ) 
(n + lf 


v > 


An' 2 me* 


Next lettingy'=n and k—n-\- 2 

_2v?me x f“ 1 1 “J 8rc 2 me 4 (n-H) 

V ~ h 3 L n* “"(« + 2 j a J" h 3 n a (n+2)* 

For large values of n, 

0L±j) + n L 

n* " n 

875 *me 4 - 

’ ~nVT = 2> » 

We may repeat the calculation for transition between states with 
quantum numbers n- 1-3 and n to find v=3v 0 . Thus, in the limit of 
large quantum numbers Bohr’s theory predicts v=v 0 , 2v 0> 3v 0 etc. 

47.29. For k—n, j—n — 1, frequency of emitted radiation is given by 
_2jt 2 me 4 r 1 1 "j 

V ~ /1 8 L (rt— l) a ri 2 J 

2n 2 me 4 T 2n— 1 "j 

“ Vi 3 L («-T) a n* J 

The orbital frequency v 0 is given by 
4 n 2 me* 


Percentage difference is 100 


100 (3n— 2) 
n (2n—l) 


2n—l n (2 n— 

(n— l) 2 n* 

For large n, 3/i — 2 — > 3 n and 2n—l — > 2» 
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.*. Percentage difference = 100 X 


3 n 

n (2n) 


150 

tt 


47.30. L=mvr = 

2 * 

2nmvr 
n = — 

Mass of earth, m=6x 10* 4 kg. 

Mean orbital speed of earth, v=29770 meters/sec. 
Planck’s constant A=6.63x 10" 84 joules-sec. 

Orbital radius, r= 1.5 x 10 w meters. 

2n X 6 X 10 M X 2.977 X 10 4 X 1.5 X 10 u 
n 6.63 XIO - * 4 

/» =254x10**= 2.5 XlO 74 


Such a quantization can not be detected. 



48 WAVES AND PARTICLES 


48.1. (a) doBroglie wavelength, — 

p mv 

A=(6.6x 10 -84 joules-sec)/(0.04 kgx 1000 meter/sec) 

= 1.65 X 10 -88 meter 

(b) Diffraction effects are noticeable for obstacles which have 
dimensions of the order of wavelength. But, here A is too small. 
Thus, for obstacles of the size of atoms (.R^lO -10 meters) the 

A 1 0~3 5 

diffraction angle 6 ^ 7; ~ To^^ me ler ~ ^ 28 ra< ^ ans an an ite 
which is beyond detection. 

h h 

48.2. deBroglie wavelength, A— — == 

P V 2m n K 

(6.6 X 10~ 84 joule-sec) 

*= 4 2 x ( 1 .67 x Iff -27 kg)(0.025ev x 1 .6 x 10" # joule/e^T 
— 1.84 XlO -10 meter=1.84 A. 

, , ,, . r . . A 6.6 X 10 -84 joule-sec 

48.3. (a) Momentum of electron, p=- -y = Q - ^q-w meter " 

= 3.3X 10“ 24 kg-meter/sec 

Momentum of photon, p— — =-^-=3.3x 10"* 4 kg-meter/sec. 

C A 

P 2 

(6) For electron, kinetic energy, K=~~ 

ime 

K=( 3.3 x 10 -84 kg-meter/sec)*/(2 x 9.1 x 10" 81 kg) 

=0.6 X 10~ 17 joules 

=(0.6X 10 _lT joules)/(1.6 X 10“ l * joules/ev) 

=37.5 ev. 

For proton, energy, E=b*=cp 

£=( 3X 10* meter/sec)(3.3 X 10“* 4 kg-meter/sec) 

=9.9 x 10" 14 joules 

= (9.9 X 10 _u joules )/( 1.6 x 10" w joulcs/rv' 

=6188 ev 
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48 . 4 . Kinetic energy of electron, K= 50 Bev=5x 10 l0 ev 

So K > m,c* ; the rest mass energy of electron which is only 
0.51 x 10‘ ev. 

Now, total energy, E—K+ntoC* is given'by relativistic formula 

£*=cV+mV 4 

(K+m 0 c?)=c a p > +m\c* 
or K'+2Km 0 c*=c*p i 

If K > m 0 c*, the second term on the left-hand side will be much 
smaller than the first term, 


Momentum, />=— 

=(5x 10 10 ev x 1.6 x 10 -w joule/ev)/(3.0 x 10* meter/sec) 
=2.7 x 10 -17 kg-meter/sec. 

deBroglie wavelength, A=-^- 

=6.6 X 10 - * 4 joules)/(2.7 X 10 -17 kg-meter/sec) 

=2.45 xlO -17 meter. 

On the basis of constant density nuclear model, nuclear radius, 
jR=/v4 l, *=1.2x lO -1 ®^* meter, 
where .4= mass number. 

For a typical medium size nucleus with >t= 125, wh get 
R*= 6.0 X 10 -1 * meter. 

Thus A is comparable with R and diffraction effects will be 
prominent. 

48 . 5 . (a) deBroglie wavelength of electrons of kinetic energy 
r=54 ev=(54ev)x(1.6x 10 -u joules/ev)= 86.4 XlO -11 joules is 

h 6.6 X IQ-* 4 joule-sec 

V 2mtf~V(2j(9.1 x 10-» 1 kg) (86.4 x 10“ w joules) 
=1.65x 10' 10 meter 
Now, condition for Bragg-reflection is 
mX—7d sinfi 

Set m—2 (second order diffraction) 
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then, sin0= 


2A 1.65 xlO~ 10 mete r 
"2 d~~ 0.91 x 10 -1 ® meter’ 


=1.813 


which is impossible since the value of sin 0 can not exceed unity. 
Hence, second order diffraction cannot occur. Similarly, third order 
diffraction also cannot occur with the given accelerating voltage 
(which defines A) and the set of planes (which define d). 

(6) Set F=60 volts 


Then, kinetic energy of electrons, 

8f=60 ev=(60 ev)(1.6x 1CT 1# joule/ev)=9.6x 10 -18 joule. 
Momentun, p= V 2nuK =1 4 (.2X9.1 X 10 - * 1 kg)(9.6x 10" 18 joules) 
=—4.18 X 10 - * 4 kg-meter/sec. 


A= — =(6.6 X 10 44 joule-sec)/(4. 1 8 X 10~* 4 kg-meter/sec) 
= 1.59 X 10~ 10 meter 
For first order diffraction, A=2 d sinO 

or 8in0=*^ ==(1 . 59 X 10 -1 ° meter)/(2 X 0.91 x 10' 1 ® meter' 


=0.874 


Bragg angle, 0=61°. 

But, 0=90— 

whence ^=180-2«=180 o -2x61 o =58 o . 
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Mean kinetic energy of hydrogen atom at temperature T 
vin) is 

3 

£= y kT, where &=Boltzmann’s constant 

constant= 1 .38 X 10 -88 joule/K° 

T= 273° + 20° = 293°K 

£==(- j(1.38 x 10-2® joule/°K)(293°K)=6.0x lO"* 1 joules 
1.67x10-22 kg 

^ /i _ 6.6 3 X 10~ 8< j oule -sec 

~ V 2 Em H ~ V (2K6xl0r*»loule)(l 67x1 0~ 27 kg) 

= 1 .48 X 10~ 10 meter — 1 .48 A. 

48.8. (a) /»v=£ 3 -£ 2 =3.4-1.5=l 9 ev. 

(6) Energy of photon, £=1.9 ev=(1.9 ev)(1.6x 10 -1 * joules/ev) 
=3xl0 -1 * joules 


A= 


he 


^ (6.63 x I Q"* 4 joule -sec)(3 X 10 8 meter/sec) 

~~ 3xl0~ 18 joule 

=6.63 X 10~ 7 meter=6630 A. 

48.9. The normalized, time independent wave function for the parti- 
cle trapped in an infinitely deep potential well of width L is 

nnx 


1 2 . nit, 

“/l 8m T 


Probability of finding the particle between x and x+dx in state «, 
is 

P(x)dx= | 8 dx— sin 8 — : dx 

Probability of finding the particle between x=L / 3 and x=0, is 
Z./3 1/3 

| 1 * I* dx*= | -y sin 8 dx 


LJi 


i fP 


— (cos 2nnx/L) 


> 
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L\3 L[3 


-i 1 / 

0 0 


2nnx , 
cos ax 


L .A 

L 2 nn 


2mtx~l 
s,n - £ -j 


L/3 


or 


n 1 1 2 nn 

F " -2ni Sln T 


(a) P(n o : 


1 


1 


3"2n S,n T n: 


0 


4 - |-x0.866=0.1‘ 

3 2tc 


(6) /*(»-,) =4 — v sin ~*-=0.33+ / X0.866=0.4 

■ i ‘»n 3 4 k 

(c) P (n„ 3 ) — 4 7~ sin 2 tc=0.33. 

D D7t 

(cl) Classically, probability for the particle between x a > 
is dxjL. 

L/ 3 

dx 1 


P = 


I 

0 


=0.33. 


48 10. Time independent normalized wave function for 1 
atom in the ground state is <j/ 0 — IfTrZ e~ r ! a - 


*f na 3 e 

r 


-•= f I *• I’ dV = ri> \ 


~2rla 

c (4Tcr*dr) 


= ~ f 

a 3 J 

0 


— 2 r/a 


r 2 e 


dr 


- A 2 r , a , 

Set — =x ; dr = — dx 
a 2 


p ' == ('?)(t )(f) { x ' e ~' dx - 

Integrate by parts, 

Pr— x 2 e~ a +2 j xe~*dx J 

[-^"*+ 2 |-xe- a + | e-*j] 


4 [- 


-x 2 e a —2xe~*—2e~* 


] 


*+<&• 


'i feon 








